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SYN)PSIS 
A complete mathematical model for a generator system consisting of an 
isolated laminated salient-pole alternator, exciter and prime mover is 
presented, with emphasis on the inherent electromagnetic non-
linearities in the alternator and its exciter. 
An equivalent circuit, representing the rotor circuits accurately, has 
been adopted to model the al ternator in the dqo reference frame. A 
computer program has been developed to calculate the unsaturated 
parameters of the model using the machine design data. 
A new approach has been developed to account for the electromagnetic 
saturation effects on the model reactances. Consequently new 
saturation factors, based on the machine design particulars have been 
deri ved. The advantages of these saturation factors, compared with 
conventional factors, are that both mutual saturation effects between 
the main and leakage fluxes, and between the direct- and quadrature-
axis fluxes are considered. 
A mathematical nonlinear model, utilising the new saturation factors, 
is presented for a system containing an isolated laminated salient-
pole alternator and a direct thyristor static exciter. A digital 
computer program has been developed to simulate the system. The 
predicted results, for some steady state and dynamic candi tions, show-
good agreement with test results and clear improvement over those 
obtained if saturation is either neglected or considered using the 
conventional saturation factors. 
At high saturation levels, the conventional method of calculating the 
machine transformer voltages, using static saturated reactances, gives 
unacceptable errors. A method for calculating these voltages 
correctly, in models utilising the currents as state space variables, 
is presented using new derived dynamic saturated reactances. This 
dynamic reactance concept is presented in a generalised form so that 
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it can be applied to any machine with different saturation factors. 
The previous mathematical model of the alternator system has been 
modified according to the dynamic reactance concept, and the computer 
program has been developed accordingly. The predicted results confirm 
the need to apply this concept especially to dynamic conditions 
characterised by high saturation levels. 
To extend the analysis to a wider range of loading conditions, the 
alternator has been modelled in the abc reference frame. The 
unsaturated, static and dynamic saturated reactances of the machine in 
this reference frame have been obtained using conventional dqo-abc 
transformation techniques. Starting from the fundamental machine 
relations, a new set of equations, in the phase reference frame, has 
been derived employing the new dynamic reactance concept. 
A comprehensive system consisting of an isolated laminated salient-
pole alternator, brushless exciter, thyristor divert automatic voltage 
regulator and a diesel prime mover has been studied. Both the 
alternator and the exciter have been modelled in the abc frame to 
comply with the nature of rectifier loading associated with the 
exci ter. A complete steady state and dynamic mathematical model is 
presented where the t~r technique has been applied to the dynamic 
variable topology of the system electrical circuits. The model 
presented covers all the possible modes of operation associated with 
the exciter rotating bridge rectifier circuit. A digital computer 
program has been developed to simUlate the system. The predicted 
results obtained using the new set of saturation factors in 
conjunction with the dynamic reactance concept show good agreement 
with the test results. 
The study presented confirms the validity of the mathematical models 
developed for the alternator systems. Also, it supports the metlxxi by 
which the electromagnetic nonlinearity has been accounted for. 
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ClIAPI'ER 1 
Over the past two decades, economic and other considerations have led 
to an almost continuous growth of MVA rating per installed unit of AC 
generators. This is accomplished largely by improved generator CCX)ling 
schemes coupled with improved properties of materials. These 
developments directly lead to higher values of kW rating per unit 
volume in modern AC generators, resulting in significantly higher 
levels of design flux densities throughout the magnetic circuit of a 
generator. Such high levels of magnetic loadings accentuate the 
effects of magnetic saturation on the steady state and transient 
performance of a machine. 
Isolated synchronous generator systems are now widely used for many 
purposes. It is essential for the designer and the practising engineer 
to have a methcx:l by which they can analyse and predict the performance 
of such systems. This will help in designing machines with good 
performance characteristics at lower costs. 
1.1 BAO<GROUND AND SCOPE OF THE PRESENI' VKlRK 
The scope of the present work is to analyse an AC generator system 
consisting of an isolated laminated salient-pole alternator, exciter 
and prime mover, with emphasis on the inherent electromagnetic 
nonlinearities of the alternator and its exciter, and to develop a 
complete mathematical model capable of predicting the performance of 
the system with good accuracy. 
1.1.1 DQ) Reference Frame M::>dels of Synchronous Generators 
Most industry and design engineers are familiar with dqo equivalent 
circuitsl of AC machines. The dqo models have been built for a 
generalised machinel which is characterised by stationary and pseudo-
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stationary coils in the direct- and quadrature-axis. This results in a 
model of p:>sition-independent parameters 1 , and allows application of 
direct methods to account for electromagnetic saturation effects on 
these parameters. It is therefore convenient to start modelling the 
synchronous machine in this reference frame. 
Various dqo equivalent circuits are availablel - 13 to model the 
synchronous machine. These models vary in degree of accuracy, 
complexity and suitability to the different loading conditions. Some 
of these models1,6,7 are the conventional models based on the untrue 
assumption that effective mutual linkages between all the machine 
windings are produced only by the fundamental components of airgap 
fluxes14. canay5 has modified this conventional model and introduced 
a rotor common reactance to represent the mutual coupling between the 
rotor field and direct-axis damper coils due to the differential 
harmonic airgap fluxes. Both the above mentioned models represent the 
damper circuit approximately by one lumped coil on each axisl , 5, 14. 
Detailed circui ts8- 13 representing the conditions in the actual machine 
more correctly are available. Such a circuit has been presented by 
Linville8 and modified later by Ranking. The main features of 
Linville's circuit are that its elements have a physical significance, 
and the mutual coupling between the rotor coils is considered properly 
through both the fundamental and differential harmonic airgap fluxes. 
Also, the damper winding is accurately represented by several nested 
coils on both axes. The circuit uses the MMF base per-unit system15,16 
which led to having discrete mutual reactances instead of a unified 
reactance in the case of the xad base15,16. In this way, the model 
reactances can be individually treated when saturation is to be 
considered. 
In the following study, the Linville;.Rankin equivalent circuit will be 
adopted, with the necessary modifications, to model the alternator. 
For digital simulation, this model may take a long computation time 
especially for machines constructed with a large number of damper bars, 
and for systems utilising several interconnected machines. The 
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computation time can be reduced by representing the damper winding by 
one equivalent coil on each axis. Therefore, a new simplified 
equivalent circuit lumping the damper winding in one coil on each axis 
has been developed. To aid in maintaining a reasonable accuracy of the 
simplified circuit, the parameters of the lumped coils have been 
calculated considering the actual space distribution of the damper 
bars. Also, the mutual inductances between the rotor circuits have 
been properly related to the total airgap fluxes5• 
Based on the adopted equivalent circuit, a set of equations can be 
written in the state space form to describe the machine performance. 
Either the coil currents or fluxes can be used as the state space 
variables. In this study, the currents are chosen to be the state 
space variables as this is more convenient for the study of multi-
interconnected-machine systemsl . 
1.1.2 Electromagnetic Nonlinearity Effects on the dgo Reference Frame 
M::>dels 
It is believed that a chosen model of a synchronous machine will only 
give accurate performance results when the effects of saturation are 
properly considered. In previous literature, saturation has either 
been neglected5 , 13, or applied mainly to the magnetising 
reactances3,4,6,7,19. For salient-pole alternators, some authors7 
neglect saturation in the quadrature-axis, while others3 assume the 
same degree of saturation in both axes. other authors6 have treated the 
problem more precisely and used a different saturation factor in each 
axis. 
Most of the authors3 ,4,6,7,17 have neglected the mutual saturation 
effects between the main and leakage fluxes. This resulted in both 
unsaturated leakage reactances and saturated main reactances which are 
independent of leakage fluxes. In such cases, large errors in the 
predicted performance are expected especially for salient-pole machines 
which have a pronounced field leakage flux. Slemon2 considers the 
mutual saturation effects between the main and leakage fluxes 
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experimentally, based on the machine open circuit and zero power 
factors characteristics, through a non-conventional model applicable 
only to steady state conditions. 
Interaction between the direct- and quadrature-axis fluxes through 
mutual saturation effects has been considered for salient-pole 
alternators in different ways2-7,l7. Some authors6,7,l7 have neglected 
this effect and used each axis flux as a measure of the saturation in 
this axis. Slemon2 considered the mutual saturation effect in the 
stator and neglected it completely in the rotor. 
In the present work, the electromagnetic nonlinearity effects are 
considered for the laminated salient-pole synchronous machines using a 
simple and accurate approach. Saturation effects are studied in both 
the direct- and quadrature-axes. Direct-axis saturation is considered 
to be due to both the stator and rotor iron paths, while quadrature-
axis flux saturation is considered to be mainly due to the stator iron 
path. The mutual saturation effects between the main and leakage 
fluxes, and between the direct- and quadrature-axis fluxes are 
considered. The stator and rotor reluctances together with the airgap 
reluctance are used to formulate saturation factors relating the 
saturated reactances to the unsaturated reactances. 
One should bear in mind that the axes currents and fluxes are varying 
with time during any dynamic condition. Therefore, the influence of 
saturation is felton an instantaneous basis, and the machine 
reactances vary instantaneously. In light of this, the machine 
reactances are updated, using the appropriate saturation factors, 
instant by instant during the numerical solution associated with any 
dynamic load condition. 
Al though the method used to calculate the reluctances of the iron paths 
and hence the 
depending on 
elements23, 24, 
saturation factors, is not as accurate as those 
flux plots using finite differences20- 22, finite 
or the method established by Binns2S-27, it is, 
nonetheless, recommended for the study of dynamic performance of the 
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machines. The main advantages of the presented method are its 
simplicity and significantly shorter computation time compared with 
that spent if flux plots are repeated each step of time during solution 
of a dynamic conditio~ Repetitive flux plots are dramatically time 
consuming which increases the cost of the machine study. It may be 
worthwhile to use such accurate methods for the analysis of large 
turbo-alternators, while for medium size laminated isolated 
alternators, these methods will be relatively expensive with little 
gain of accuracy. 
1.1.3 Dynamic Reactance Concept in the dqo Reference Frame Models 
At high saturation levels, the conventional method of calculating the 
transformer voltage terms in the voltage equations of the generalised 
machinel , using static saturated reactances times the rate of change of 
currents, is not correct. As the saturated reactances are current 
dependent, the transformer voltage terms should be obtained from the 
time derivative of the reactance-current products, i.e. the linkage 
fluxes. 
Brandwajn3 recognised this fact and calculated the transformer voltages 
directly using the rate of change of the saturated flux linkages. Some 
authors28-31 used an incremental magnetising reactance to calculate the 
transformer voltages in current transformers, induction motors and 
transductors in models using the currents as state space variables. All 
the previous authors used the conventional O~1 circuit characteristic 
to account for saturation effects. However, the open circuit 
characteristic does not fully represent the saturation effects in all 
the machines3,32. 
A method for calculating the transformer voltages correctly in dqo 
models using the currents as state space variables is given in the 
present work. These voltages are calculated using new derived dynamic 
saturated reactances times the rate of change of the currents. The 
formulae presented for these dynamic reactances are in general form so 
that they can be applied to a variety of machines using different forms 
6 
of saturation factors. 
1.1.4 Modelling of a Simple Alternator System 
The study has been extended to model a simple alternator system 
consisting of a laminated salient-pole isolated alternator and a direct 
static excitation circuit. The excitation circuit utilises thyristors 
to regulate the alternator terminal voltage. The static exciter is 
modelled using a transfer function model suggested by the IEEE Working 
Group on Computer Modelling of Excitation systems33,34. 
The previous approaches have been applied to a system consisting of a 
494 kVA alternator. A digital computer program has been written to 
simUlate the system at both steady state and dynamic balanced load 
conditions. The program has been used to predict some steady state and 
transient results to compare with the test results. The comparison 
confirms the validity of the models chosen and the approaches developed 
to account for the electromagnetic nonlinearities. 
1.1.5 Direct Phase Models of Synchronous Generators 
In spite of the advantages of the dqo reference frame models discussed 
in Section 1.1.1, these models are not easily capable of simulating 
some unbalanced loading condi tions35, 36. Complicated methods had to be 
used to analyse such conditions37- 40. The dqo models appear to be 
unsuitable when the machine is loaded via a rectifier circuit. Also, 
the dqo models are based on some simplifying assumptions! which make it 
difficult to include the higher harmonics that are present in the 
actual machine. 
A more simple solution to a wider range of problems is possible with a 
direct phase reference frame model. In this case, various loading 
conditions such as symmetrical, asymmetrical faults and rectifier 
loading can be simulated with ease. The direct phase reference frame 
reactance matrix is a time dependent one which necessitates 
recalculation each step of time during the numerical solution. It may 
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be thought that this is a disadvantage compared with the case of the 
dqo model, but it should be remembered that matrix calculation is 
performed at each step of time even for the dqo model when saturation 
is considered. 
In the present work, the direct phase reference frame model adopted is 
the conventional one regarding representation of the armature, field 
and damper windings, where the parameters of the one lumped equivalent 
damper coil are calculated as discussed in Section 1.1.1. 
1.1.6 Brushless Exciter Modelling 
The brushless exciter is now widely used in alternator excitation 
systems as it offers the advantage of reduced maintenance. 
The transfer function representation33, given by thelEEE Working Group 
of the Excitation Systems Subcommittee for the rotating rectifier was 
found to be very approximate, as it does not properly represent the 
armature demagnetising effect or the rectifier voltage regulation. 
Also, saturation effects in the exciter are incorrectly related to the 
output DC voltage only. A more recent representation34 is given taking 
into account the current demagnetising effect and the rectifier voltage 
regulation, but it completely neglects the armature induced transformer 
voltages. The model still accounts for saturation by a nonlinear 
function of the exciter output voltage. Vadher42 used the steady state 
phasor diagram to analyse the brushless exciter. He considered the 
exciter to be loaded only by the fundamental comp:>rlent of the rectifier 
current. The saturation effects were considered through measured 
saturated reactances obtained from the open circuit curve. This method 
does not give the complete solution of the exciter currents, and is 
restricted to analysis of exciters whose frequency is significantly 
higher than the main alternator frequency. 
In the present work, an accurate and detailed model of the exciter is 
presented. The exciter is modelled as a synchronous machine in the 
direct phase frame to comply with the nature of the rectifier loading. 
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Kron's tensor method43,44 for analysis of the electrical circuits is 
utilised, and a variable connection matrix is developed to suit the 
variable topology of the exciter circuit. A complete mathematical 
model, which covers the three modes of operation of the rotating bridge 
rectifier circuit45 and the condition of complete isolation of the 
exci ter from its load, is developed. Modelling of the exciter as a 
normal synchronous generator allows the effects of electromagnetic 
nonlinearity to be considered properly. Although the exciter works low 
down on the airgap line under normal steady state conditions, it will 
be pushed up to the saturation region during transient conditions as a 
result of the automatic voltage regular actio~ 
1.1.7 Electromagnetic Nonlinearity Effects on the Direct Phase 
Reference Frame Models 
When electromagnetic nonlinearity effects are considered on the direct 
phase machine models, the reactances will be functions not only of the 
rotor position but also of the coil fluxes. These coil fluxes are not 
functions of the coil currents only, as in the case of the dqo models, 
but they also depend on the rotor position. Therefore, the saturation 
factors, unlike those for the dqo models, are expected to be functions 
of the currents and rotor position. Derivation of such saturation 
factors will be somewhat laborious. Some authors22 derived formulae 
for saturated reactances of turbo-alternators as functions of effective 
direct- and quadrature-axis airgap lengths. Flux plots were performed 
once to aid in calculating the iron reluctances in each axis which have 
been utilised to calculate the effective airgap lengths. Other 
authors36 formulated the direct phase model reactances from the 
measured reactances of the dqo model. 
In the present work, the saturated reactance coefficients of the direct 
phase model are calculated from the dqo model saturated reactances 
using dqojphase impedance transformationl ,38. A new mathematical model, 
employing the dynamic reactance concept, has been developed from the 
fundamental relations of coupled circuits. 
9 
1.1.8 Modelling of a Regulated Two stage Alternator System 
The previous concepts have been applied to a regulated brushless 
exci ter-al ternator system whose alternator rating is 831.25 IWA, and 
regulated via a thyristor divert automatic voltage regulator. A 
digital computer program has been developed to simulate the system at 
both steady state and dynamic load conditions. The program has been 
used to predict the system performance under some symmetrical and 
asymmetrical loading conditions. The results obtained agree well with 
the measurements. A detailed study of the alternator, exciter and 
rotating bridge rectifier currents over a wide range of loading 
condi tions has been achieved. The results of such a study are helpful 
in designing the complete system. 
1.2 ORGANISATION OF THE THESIS 
Olapter 1 introduces the scope of the present work, and the topics. It 
also traces the background of nonlinear modelling of systems of 
salient-pole synchronous generators. 
In Chapter 2, some relevant equivalent circuits for the synchronous 
generator in the dqo reference frame have been presented and discussed. 
The advantages of the adopted Linville-Rankin circuit are given, and 
the per-unit system used is presented. A new equivalent circuit 
employing one lumped equivalent damper coil on each axis is derived. 
The unsaturated parameters of some studied machines are calculated from 
design data using a computer program. 
Chapter 3 deals with the problem of curve-fitting the magnetisation 
characteristics to help in the digital simUlation of the 
electromagnetic nonlinearity effects in the machine. A three terms 
polynomial has been used, in the form AT = f(¢), to represent the 
various magnetisation curves of the various members of the studied 
machines. 
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Chapter 4 explains an approach for proper consideration of saturation 
effects in the laminated synchronous generators. Two sets of 
saturation factors based on the machine particulars and magnetisation 
characteristics have been derived. One set considers the effects of 
the mutual saturation between main and leakage fluxes. The other set 
considers, moreover, effects of the mutual saturation between the 
direct- and quadrature-axis fluxes. Methods of calculations of the 
different flux components in all the machine members and the 
corresponding reluctances using the relevant magnetisation curves, have 
been given. 
In Chapter 5 a nonlinear steady state and dynamic model have been given 
to simulate an isolated synchronous generator. The approaches dealing 
wi th the electromagnetic nonlinearity effects presented in O1apter 4 
have been applied. Some iterative techniques associated with the 
numerical solution of the nonlinear mathematical model of the machine 
are given. Digital simulation of the machine is explained and different 
flow charts are given. Steady state and short circuit transient results 
are computed and shown in comparison with the available test results. 
Discussion and conclusions are made based on the obtained results. 
In Chapter 6, a new dynamic reactance concept is developed. 
Consequently, a corrected dynamic nonlinear model for the synchronous 
generator, in the dqo reference frame, is presented. A generalised non-
zero element dynamic reactance matrix is given. Also, methods for 
calculation of the dynamic reactances are derived in a general form 
applicable to a wide variety of machines. A system of an alternator 
with a thyristor static exciter is modelled and digitally simulated. 
Resul ts are shown for some load application and rejection transient 
conditions. Some discussions and conclusions are given based on 
comparing the computed results with the measurements. 
Chapter 7 presents a direct phase model for synchronous generators. A 
linear mathematical model is presented for unsaturated machines. A 
method for accounting of electromagnetic nonlinearity effects on the 
mathematical model is developed. In this respect, two nonlinear 
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mathematical models are presented. The first is a static reactances 
based model, and the second is a dynamic reactances based model 
employing the dynamic reactance concept developed in Chapter 6. 
Chapter 8 describes a complete system of an alternator-brushless 
exciter unit. steady state and transient conditions of the system are 
analysed with attention to the performance of the exciter rotating 
bridge rectifier. A complete steady state and transient mathematical 
model for the whole system is developed. The tensor technique for the 
variable topology circuit is explained, and the variable connection 
matrix is given. 
Chapter 9 explains an algorithm for the solution of the mathematical 
modelS presented in Chapter 8. A method of detecting the voltage and 
current discontinuities encountered by such brushless alternator 
systems is given. A digital computer program for the complete system 
is developed and flow charts are shown. Some aspects concerning 
accuracy and computation time are discussed. The program is used to 
simUlate steady state and transient symmetrical and asymmetrical 
conditions. The results obtained are shown and compared with available 
test results. Discussions and conclusions are made based on the 
results. 
The last chapter gives the general conclusions and comments which have 
arisen throughout the work. Also, some points are recommended to 
complete the present work. Suggestions to extend the present work to 
cover new research areas are outlined. 
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QIAPI'ER 2 
IUJIVALENI' CIRClJIT OF 'llIE LAMINATED SALIENl'-roLE SYWmCN:XJS GENERA'IDR 
IN THE DCP REFEREN:E FRAME 
In 1929, Park46 presented equations for synchronous machines in terms 
of direct- and quadrature-axis components. Since then the generalised 
theory of electrical machines1 has been established, and various 
equivalent circuits have been developed to model the synchronous 
machine. These dqo equivalent circuits are widely krx:>wn and adopted by 
most of the design and practising engineers. Therefore, it is 
convenient to start by modelling the synchronous generator in this 
reference frame. 
The generalised machine has stationary and pseudo-stationary coils1 in 
both the direct- and quadrature-axes. Consequently, the parameters of 
the mcx1el are independent of the rotor position and will be constant if 
the electromagnetic nonlinearity effects are neglected. For accurate 
modelling, these nonlinearity effects should be considered, and the 
mcx1el parameters will be functions of the axes currents and/or the axes 
fluxes. The parameters independence of position facilitates the 
application of direct methcxis to account for the saturation effects. 
Accurate prediction of the machine performance necessitates a proper 
choice of an equivalent circuit to mcx1el the machine. In the following 
section, different mcx1els will be presented and discussed. 
2.1 SYNa-IRONJUS GENERATOR EQUIVALENT CIROJITS 
2.1.1 The Cbnventional Equivalent Circuit 
One of the many forms of the conventional equivalent circuit adopted by 
some authors1,6,7 is shown in Figure 2.1. This circuit lumps the 
damper winding in one coil on each axis, which is an approximate 
representation based on an assumed uniform distribution of pole damper 
bars together with a sinusoidal space distribution of bar 
currentsl ,5,14. The main drawback of this circuit is that it assumes 
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the mutual inductance in the direct-axis to be the same for armature-
field, armature-damper and field-damper. This is a result of the untrue 
assumption that the effective mutual linkages between these three coils 
are produced only by the fundamental components of airgap fluxes l4. 
This assumption is acceptable for the mutual flux between the armature 
and any rotor circuit on the ground of an assumed sinusoidal 
distribution of the armature winding. However, it is not valid for the 
mutual fluxes between the rotor cOils5. For this reason, the 
conventional circuit is inadequate to yield correct rotor quanti ties5. 
2.1.2 canay Equivalent Circuit 
To account for the mutual coupling between the rotor field and direct-
axis damper coils produced by the airgap differential harmonic fluxes, 
canay5 proposed the addition of a common rotor reactance, ~, in the 
circuit as shown in Figure 2.2. This reactance is generally positive 
for round rotor machines and negative for salient-pole machines47,48. 
The introduction of this reactance has minimised the discrepancies in 
the rotor quanti ties which appear when the conventional model is used. 
The Canay circuit was developed using the xad base per-unit system 
which uses some flux distribution coefficients in the turns 
ratiosl5,l6. In spite of the improvement made by Canay, his model 
still has the following drawbacks: 
i) The model has been developed using mathematical approaches rather 
than physical concepts. This does not help in understanding the 
model. 
ii) The mutual reactances between the armature and the rotor circuits 
in the direct-axis are represented by the same reactance of the 
armature reaction, xad. This representation will be destroyed 
when saturation is considered accurately, as these reactances 
will be affected to different degrees. 
iii) The flux distribution coefficients8,9 inCluded in the turns 
ratios associated with the xad base per-unit system vary 
14 
according to the saturation level. This invalidates the use of 
this per-unit system for accurate nonlinear modelling. 
iv) The damper winding is still approximately represented by one 
equivalent coil on each axis. 
2.1.3 Linville-Rankin Equivalent Circuit 
Linville8 presented an equivalent circuit for the synchronous motor 
during the asynchronous starting conditions. The circuit was 
developed, using the MMF base per-unit system15,16, from the basic 
theory of coupled circuits based on the following assumptions: 
i) The armature conductors are effectively sinusoidally distributed 
in each phase. That is, the mutual inductances of the armature 
and rotor circuits are considered a first harmonic only with 
respect to the electrical space angle 
ii) Saturation and hysteresis are negligible 
iii) Eddy current effects in the massive parts of the rotor are 
negligible. 
The main advantages of the Linville equivalent circuit compared with 
other circuits are: 
i) The elements of the equivalent circuits have a physical 
significance as they have been derived using the basic 
fundamentals of electromagnetic circuits 
ii) The mutual coupling between the rotor coils is considered 
properly through the total fundamental and differential harmonic 
airgap fluxes 
iii) It gives an accurate representation of the damper winding as it 
is represented by several nested coils on each axis instead of 
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one equivalent coil. Each two bars of symmetrical position with 
respect to the considered axis form, with the parts of the two 
end rings joining them, a damper coil. 
Mutual reactances and resistances between the damper coils arise due to 
the common current paths in the end rings. As the Linville qircui t was 
primarily developed to be used on AC network analysers, it failed to 
represent these mutual components. It was suggested8 that these srould 
be neglected rather than to include them and so destroy the proper 
mutual reactance between the field and damper coils. 
Later, Ranking suggested an improved direct-axis equivalent circuit 
which could represent the mutual resistances and reactances between the 
damper coils. The field is represented by a separate coil coupled with 
the several damper coils through a group of ideal transformers. To use 
the AC network analyser, a transformation of the inductive reactances 
to resistances and the resistances to capacitive reactances was 
employed. However, a circuit solution using digital computers has 
become more common, the original equivalent circuit, keeping the 
resistances and inducti ve reactances untransformed can be used 
directly. 
In the present work, Linville's ideas, together with the modifications 
suggested by Rankin, will be used to produce an accurate equivalent 
circui t as a model for the laminated salient-pole synchronous 
generator. Figure 2.3 srows this circuit for a machine with seven bars 
per pole. The case of having continuous or discontinuous end rings is 
simply represented by a switch'S' located in the quadrature-axis 
circuit. 
The adopted equivalent circuit has the advantages of both Linville and 
Rankin circuits. Therefore, it is anticipated that, with the proper 
introduction of the saturation effects, the discrepancies between the 
calculated and test results will be minimised for steady state and 
transient conditions. Regarding saturation study, the adopted circuit 
has the following advantages: 
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i) The MMF base per-unit system used led to discrete mutual 
reactances allowing saturation to be properly accounted for on 
each individual reactance. 
ii) The turns ratios associated with that system do not contain any 
quanti ties affected by saturation, making it more sui table for 
the present study. 
2.2 PER-UNIT SYSTEM AND FURMULAE FUR CALaJLATION OF THE mJIVALENT 
CIRQJIT PARAMETERS 
The analysis of synchronous generators is dependent upon a correct and 
complete knowledge of its model parameters. Many formulae have been 
given8,9,14,49-51 to calculate the parameters of the synchronous 
machine in the dqo reference frame. The formulae are different in 
degree of accuracy and type of per-unit system used. As previously 
stated, the MMF base per-unit system is used here to calculate the 
rotor circuits parameters. This base implies the cmice of a rotor base 
current which gives a magneto-motive force per pole equal to the flat-
topped armature reaction at rated armature current16• The base unit 
quantities are defined as follows: 
Unit voltage is rated peak phase voltage, Eh 
3 " Unit current is 3/2 times rated peak phase current, "2 In 
Unit mmf is the flat-topped armature reaction due to rated three phase 
current. Hence expressed in ampere-turns 
(2.1) 
Uni t flux is the sine wave fundamental of normal field flUX, which, 
rotating at synchronous speed, generates unit voltage. Hence 
A 
E 
n 
~n = 2nf N k weber 
a w 
(2.2) 
¢n can also be expressed8 in terms of the corresponding field ampere-
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turns, F, and machine dimensions as follows 
'" F 2 
'I' = - JJ Afd (- T 9, .) weber n 19 0 1[ P 1. (2.3) 
Unit impedance is that impedance through which IX>rmal voltage' at IX>rmal 
frequency causes unit current to flow. In terms of unit mmf and unit 
flux, unit impedance is 
2 2 
2 TI£ N k ¢ 
awn 
z = -------------
n AP 
ohm 
The rotor to stator base current ratio is 
(2.4) 
(2.5) 
The formulae of Linviller8 and Ranking have been utilised to calculate 
most of the model parameters. More recent and accurate formulae50,51 
have been adopted to calculate the armature and field leakage 
reactances. The formulae used are summarised and given in Appendix 1. 
2.3 EUJIVALENT CIRClJIT WIlli ONE EQUIVALENT DAMPER COIL ON EArn AXIS 
Use of the accurate Linville-Rankin equivalent circuit shown in Figure 
2.3 to simulate the synchroIX>uS machines in multi-machine systems, or 
to simulate a machine fitted with a large number of damper bars per 
pole, may result in undesired large computational time. For some cases, 
when a detailed information about the damper bars currents is not 
required, use of one equivalent damper coil on each axis helps in 
reducing that time. Reduc-tion of the number of coils representing the 
machine leads to reduction of the number of equations describing the 
system. This means that the system matrix of the state space equations 
will be of a lower order. Numerical solution of such a system will 
take a shorter time52. 
To ensure that the new equivalent circuit models the machine with 
reasonable accuracy, the parameters will be calculated based on the 
following considerations: 
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i) . The mutual linkages between the different rotor circuits are due 
to the total ai:rgap fluxes5, not the fundamental fluxes only. 
ii) The damper bars are not uniformly distributed in the pole shoe, 
consequently care should be taken of the actual bars space 
distribution. 
iii) The currents in the damper bars are assumed14 to have a 
sinusoidal distribution in space in both axes. 
iv) The stored magnetic energy concept will be used to derive the 
formulae of the reactances while the power loss concept will be 
used for the resistances. 
2.3.1 Currents, Fluxes and Energy Fundamental Relations 
Let the bars be distributed in space as shown in Figure 2.4, where El j 
is the angular position of the jth bar measured from the direct-axis in 
electrical degrees. If an imaginary equivalent coil is assumed to be 
located in the quadrature-axis carrying the maximum direct-axis current 
~kd' and assuming a sinusoidal space distribution of the direct-axis 
component of the currents in the bars as shown in Figure 2.4, it can be 
written that 
(2.6) 
where Fjd = sin El j . The proportion of the flux established by the 
imaginary coil linking the coil formed by the two jth bars can be 
related to the total flux of the imaginary coil in terms of the flux 
distribution coefficients8,9 as follows: 
(2.7) 
The equivalent damper circuit flat-topped ampere-turns are given by 
(2.8) 
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Substituting from equation 2.6, it follows that 
Nk 
ATkd = ( I Fjd) t'kd j=1 (2.9) 
From equation 2.9 it can be seen that the number of turns of the 
equivalent coil F j d' Hence the base currents ratio is 
Nk 
aw 
3/2In - P ,l.Nk FJ'd 
J=1 
(2.10) 
If an imaginary equivalent coil is now assumed to be located in the 
direct-axis carrying the maximum quadrature-axis current i kq, and 
assuming a sinusoidal space distribution of the quadrature-axis 
component of the currents in the bars as shown in Figure 2.5, it can be 
written that 
(2.11) 
where Fjq = cos 0 j . The proportion of the flux established by the 
quadrature-axis imaginary coil linking the coil formed by the two j th 
bars can be related to the total flux of the imaginary coil in terms of 
the flux distribution ooefficients8,9 as follows 
(2.12) 
By analogy with the direct-axis, the number of tuIns of the equivalent 
~ 
coil is I F jq' and the base currents ratio is 
j=O 
/. 
I 
kqn = 
A 
3/21 
n 
(2.13) 
The derivation of the reactances of the one equivalent damper coil is 
based on the concept that the magnetic energy stored in the existence 
of the one equivalent damper coil is equal to the energy stored in the 
existence of the actual damper winding. The derivation of the 
resistances of the one equivalent damper coil is based upon the concept 
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that the power loss in the one equivalent damper coil is equal to the 
power loss in the actual damper winding. 
In the following analysis, it will be assumed8, for mathematical 
convenience, that the machine main dimensions are 1.0 for the ideal 
length, 2.0 for the pole pitch and 1.0 for the airgap length. 
2.3.2 Derivation of the Direct-axis One Equivalent Damper Ooil 
Parameters 
Figure 2.6(a) shows the direct-axis equivalent circuit of the 
synchronous generator utilising one equivalent damper circuit. The 
parameters of that equivalent damper circuit will be derived in the 
following sections: 
a) Mutual reactance, xakd' between the armature and the direct-axis 
equivalent damper coil. 
The energy stored due to the mutual flux component established 
between all the damper bars and the armature coil in the direct-axis 
is given ~8 
- 4 
Eakd = - ~o ( 
1T 
~ 
L j=l 
Substituting from equation 2.6, it follows that 
(2.14) 
(2.15) 
Comparing this equation with the expression of stored energy in 
terms of the mutual inductance and currents38 it can be shown that , 
4 .. 
Lakd = 11 ~o 
~ 
( 1. 
j=l 
(2.16) 
The per unit mutual reactance referred to the stator can be 
obtained, using the turns ratio given by equation 2.10 and the unit 
impedance given by equation 2.4, as follows: 
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~ 
.I FJ'd~J'd 
_ 4 J=l A 
xakd - TI lb ~k---- - p. u. 
CPn I FJ'd j=l 
(2.17) 
-CPn should be calculated using the field ampere-turns, F, required 
to produce normal voltage in the armature on open circuit 8I1d the 
assumed machine dimensions given in Section 2.3.1. Therefore 
equation 2.17, with the aid of equation 2.3, becomes 
~ 
IF,..A 'd j=l Jd-kJ A 
xakd = ~ f p.u. 
~I F'd)Afd J=1 J 
(2.18) 
b) Mutual reactance, xfkd' between the field and the direct-axis 
equivalent damper coil. 
The energy stored due to the mutual flux component established 
between all the damper bars and the field coil in the direct-
axis is given by 38 
(2.19) 
Substituting from equation 2.6, it follows that 
(2.20) 
Comparing this equation with the expression of stored energy in 
terms of the mutual inductance and currents3~it can be shown that 
_ 4 
Lfkd - - llo 
1T 
(2.21) 
The per unit mutual reactance referred to the stator can be 
obtained, using the turns ratios given by equations 2.5 and 2.10 
and the unit impedance given by equation 2.4, as follows: 
Nk 
I F,..A 'dK 'd 
_ j=1 JcfkJ· kJ A 
xfkd - ~ - p.u. 
~L-- F'd) ~fd F 
]=1 J 
c) Total airgap flux-dependent reactance, xkkd' of the direct-axis 
(2.22) 
equivalent damper coil. 
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The energy stored due to the airgap flux components established by 
all the damper bars in the direct-axis is given tJi38 
Substituting from equation 2.6, it follows that 
Comparing this equation with the expression of stored energy in 
tenns of the self inductance and current38 , it can be sh:::Mn that 
The per unit mutual reactance referred to the stator can be 
obtained, using the turns ratio given by equation 2.10 and the unit 
impedance given by equation 2.4, as follCMS: 
Nk ' ~ Nk [I F,..A, K, ( Y _d F + L F )] 
'-I Jd kJdkJd ~1 ~'d nd -'+1 nd A 
xkkd = J-- n- -'1'J n-J (2 26) (f FJ'd) 2 Afd ~P.u.. 
j=l 
Substituting for KTjd in terms of the flux distribution 
coefficients using equation 2.7, and rearranging the terms, it 
follows that . 
Nk N" 
Y. (; , 
-;=1 -n=J 
xkkd = --'-
2 
Fnd) (~jd~jd - ~(j-1)d~(j-1)d) A 
(Jk F 'd) 2 Afd 
J=l J 
(2.27) 
d) Leakage reactance, xkld' of the direct-axis equivalent damper coil. 
The energy stored due to the bars and the end rings leakage flux 
components is given by38 
(2.28) 
where ~ is the damper bar length, 9,rj is the end ring segment 
length betwen the two j th bars, A b and A r are the linkage leakage 
flux permeance per unit length for the bar and ring respectively. 
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The formulae for calculation of these permeances are given in 
Appendix A.I. 
Expressing the end ring currents in terms of the bar currents8, 
using equation 2.6, it can be shown that 
and 
Nk ~ 
1 \,2 \ 2 ,2 
Ekld = - [, L ~ Fjd Q.bAb + ( L, Fnd ) P'rj -9,r(j-l) )Ar} ]Plkd 
2 J=l n=J 
(2.29) 
Hence, 
(2.30) 
and the per unit damper leakage reactance is given by 
Nk ~ 
l {FJ~d9,bAb + (I F d)2(9, ,-9, (' l))A ' 
n rJ r J- r: 
xkld = j=l n=j A (2.31) Nk ~n I F jd) 2 j=l 
e) Resistance, rkd' of the direct-axis equivalent damper coil. 
The ohmic power loss in the damper winding due to the direct-axis 
currents is given by 
Nk 
• 'I, 2 • 2 
Ekd = [ j~l {lbjd rb + lrjd (rrjd - rr(j-l )d)}]P (2.32) 
where rb is the bar resistance and rrjd is the resistance of the 
end ring segment between the two j~h bars. The formulae for 
calculation of these resistances are given in Appendix A.l. 
Expressing the end ring currents in terms of the bar currents, and 
using equation 2.6, it can be shown that 
~ ~ 
• \ 2 \ 2 2 
Ekd = [ J {Fjd rb + (n~J' Fnd ) (rrjd - rr(j-l )d)} ]Pikd J==l 
Hence, 
Nk ~ 
rkd = { jl1 {Fj~ rb + ( nlj Fnd)2 (rrjd - rr(j-l )d)}]P 
and th~p. u. damper resi~~ance is 
.Lk {F?d rb + ( Y" F d)2(r 'd - r ('-l)d)} 
'I J ,n rJ rJ J= n=J A 
r d ==-~----------~~---------------------
k r F, )2 2nf ~ n 
j~l Jd 
(2.33) 
(2.34) 
(2.35) 
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2.3.3 Derivation of the Quadrature-Axis One Equivalent Damper Coil 
Parameters 
Figure 2.6(b) shows the quadrature-axis equivalent circuit of the 
synchronous generator utilising one equivalent damper circuit. The 
parameters of that circuit will be derived in the following sections. 
a) Mutual reactance, xakq' between the armature and the quadrature-
axis equivalent damper coil. 
By making an analogy with the derivation xakd' it can be sh::Mn that 
Nk 
I F, A , 
i=O Jq kJq A 
xakq = N ( 2.36 ) ( Ik F, ) Afd F j=O Jq 
b) Total airgap flux-dependent reactance, Xkkq' of the quadrature-axis 
equivalent damper coil. 
By making an analogy with the derivation of xkkd' it can be shown 
that 
Xkkq = (2.37) 
c) Leakage reactance, Xklq' of the quadrature-axis equivalent damper 
coil. 
By making an analogy with the derivation of xkld' it can be shown 
that 
j 
(2. F )2(9" - 9, ('+1) )} n~O nq rJq r J q A 
Nk ~n (I F,)2 
j=O Jq 
(2.38) 
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d) Resistance, r kq of the quadrature-axis equivalent danper coil. 
By making an analogy with the derivation of rkd' it can be shown 
that ~ Nk 
\ {F2 r + ( \ F )2(r - r )} /, J'q b L nq rjq r(J'+l)q 
r = j=O j=O 
kq N 
(!k F,)2 
j=O JC] 
(2.39) 
A 
2.4 cx:MPUTER PROORAM FOR CALaJLATION OF THE UNSATURATED PARAMEI'ERS OF THE 
MAQUNE 
A simple program has been written using Fortran 77 language to 
calculate the unsaturated parameters of the dqo model of the 
synchronous machine utilising either the multi-coil or the one 
equivalent coil for damper winding representation. The program has been 
wri tten in a general form such that it can be used to calculate the 
parameters of synchronous machines of different features. The program 
can be used for fractional or integer slot armatures, and for machines 
fitted with either IDund or rectangular damper bars, and for machines 
wi thout damper bars at all. The data required by the program is the 
conventional design data. 
2.5 RESULTS 
The program has been used to calculate the unsaturated parameters of 
two synchronous generators and a brushless exciter built by Brush 
Electrical Machines Ltd. The specifications of the machines are given 
in Tables 2.1-2.3, and the values of the parameters are shown in Tables 
2.4 and 2.5. The parameters of the one equivalent damper coil on each 
axis for both synchronous generators are given in Tables 2.6 and 2.7. 
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TABLE 2.1: Specifications of the first alternator 
KVA 
--------1-
494.0 KVA Frequency 50 Hz 
Line voltage 380.0V I I Power factor 0.8 
Line current 750.5A No. of poles 12 
Connection Y No. of bars/pole 4 
TABLE 2.2: Specifications of the second alternator 
KVA 831.25 KVA ! Frequency 50 Hz , 
i 
I 
Line voltage 440.0V i Power factor 0.8 i 
-L 
1090.7A i Line current No. of poles 6 
-
Connection y , No. of bars/pole 6 
--
--'----
TABLE 2.3: Specifications of the brushless exciter 
--! 
KVA 8.3 KVA I Frequency 133.3 Hz 
! 
Line voltage 56.l8V l Power factor 0.98 
Line current 85.2A No. of poles 16 
, 
Connection y No. of bars/pole -
! 
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TABLE 2.4: Direct-axis parameters 
r-------------~------------------T----------------,_----------------_, 
Parameters 
r 
a 
I 
1st Alternator : 2nd Alternator Brushless Exciter 
I 
.---. ..J-..------------+---------------4 
1 
1.41779 0.81591 1.06239 
1.31150 0.75465 0.9861 
0.74022 0.40031 
1.11032 0.54115 
0.66718 
1.26035 0.72899 0.97438 
0.61162 0.30834 
0.95349 0.45935 
0.66728 
0.01502 0.00877 0.03137 
0.09061 0.03713 0.26594 
0.01101 0.00279 0.05313 
0.00168 0.00075 0.02432 
0.14070 0.10568 0.09863 
0.04706 0.01371 
0.06091 0.03505 
0.00271 0.00133 
0.00451 0.00204 
0.00276 
0.00069 0.00060 
0.00115 0.00092 
0.00125 I 
• I 
I i 
. jl 
L-______ ~ _____ . ___ __L _________ ___JL__ ___________ _I 
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TABLE 2.5: Quadrature-axis parameters 
---r 
Parameter 1st Alternator ! 2nd Alternator Brushless Exciter 
x 0.62976 0.78529 0.53075 
aq 
x 
ak1q 0.62696 0.37916 
x 
ak2q 0.35599 0.30503 
x 
ak3q 0.18642 
xkk1q 0.67630 0.44486 
x kk2q 0.33443 0.29385 
xkk3q 0.15896 
r 0.01502 0.00877 0.03137 
a 
xal 0.09061 0.03713 0.26594 
x 
ahq 
0.01467 0.00373 0.05313 
r bn 0.04706 0.01371 
xbn 
0.06091 0.03505 
rr1 0.00587 0.00337 
rr2 0.00407 0.00266 
rr3 0.00194 
xr1 0.00152 0.00155 
xr2 0.00105 0.00122 
xr3 0.00089 
___ . ____ . ___ ...1.-
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TABLE 2.6: Direct- and Quadrature-axis one equivalent damper 
coil parameters 
-~----
--------------r-------------------, 
Parameter 1st Alt ernator 2nd Alternator 
-
xakd 0.96 484 0.56425 
x fkd 0.81 911 0.48401 
x
kkd 
0.73 755 0.42439 
xk1d 
0.03 272 0.01333 
r
kd 
0.02 799 0.00677 
x 
akq 0.50 897 0.31940 
x 
kkq 0.44 340 
0.28473 
xkkq 
0.03 216 0.01450 
r kq 
0.02 858 0.00780 
-
x 
a 
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a) Direct-axis circuit 
ptjJ 
q 
x 
a 
b) Quadrature-axis circuit 
r 
kq 
x kq 
Fig. 2.1: The conventional equivalent circuit of synchronous 
generator 
x 
a 
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Fig. 2.2: Canay's direct-axis equivalent circuit 
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1 , 
ktd 
. 
b: 
~a) Direct-axis 
r 
i k2q 
(b) Quadrature-axts 
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(c) Distribution of the bars in the pole shoe 
Fig. 2~3: Linville-Rankin equivalent circuit with seven bars per pole 
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Fig. 2.4: Direct-axis current componeI1L distribution in the 
damper bars 
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Fig. 2.5: Quadature-axis current component distribution in the d~mper bars 
x 
akd 
(a) Direct-axis 
X +x 
alq ahq 
~ 
i q 
x 
akq 
x -x 
aq akq 
33 
f 
\.q! 
(b) Quadrature-axis 
r kq 
Fig. 2.6: New equivalent circuit utilizing one equivalent damper coil 
on each axis 
Note: x f x ff - xaf + x f1 
xkd xkkd-xakd + xkld 
xkq x -x kkq akq + xk1q 
x fkh= xfkd-xakd 
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ClJAPI'ER 3 
aJRVE FITl'IN} OF THE MAClIINE MAGNRl'ISATICN OIARACrERISTIC3 
In most of the approaches dealing with the effects of the 
electromagnetic nonlinearity on the performance of machines, use is 
made of the machine magnetisation curves. Some methods3,6,7,17 use the 
open circuit magnetisation characteristics, and others6 use the 
separate stator and rotor magnetisation curves. For computer 
simulation and numerical analysis methods it is necessary to curve-fit 
these characteristics using a suitable mathematical formula. 
3.1 REQUIREMENTS ON THE FORM OF REPRESENTATION 
In accordance with the needs of a particular problem, the magnetisation 
curve may be represented in two different forms, either as AT = f( CP) or 
as cP = f(AT), although the considerations here will be confined only to 
the first form, since this is more sui table to calculate the 
reluctances at each flux level and hence the saturation factors. There 
have been many suggestions of approximate representations53- 61, some of 
which can be used for either form of representation, while others can 
represent the magnetisation curve in one of these forms only. 
A search for a satisfactory formula, to comply with our intended 
approach of accounting for the saturation effects, is required. This 
formula must satisfy the following requirements: 
a) analytical; not numerical, 
b) continuously differentiable, 
c) of non-fluctuating slope, i.e. the rate of change of ampere-turns 
with respect to flux should have a steadily increasing value as 
I cP I increases, and should be posi ti ve over the entire range of 
operation, 
d) a single expression for all regions, 
e) valid for the entire range of operation, i.e. -.<I!>- Q\~oo and -~~oo 
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f) odd symmetrical in the first and third quadrants of the ampere-
turn/flux plane 
g) simple expression to save computing time when used in machine 
simulation program, 
h) accurately fits the magnetisation data. 
'!he first three requirements are particularly important in the analysis 
. where incremental inductances28- 31 are used, or when finite element 
analysis23,24 is employed. In these cases it is prohibited to use 
numerical methods, such as those due to Trutt, Erdelyi and HOPkins53, 
to represent the magnetisation curves. Al though numerical methods 
based on linear interpolation represent the magnetisation curves 
accurately, they require a large number of data points to be stored in 
the computer memory, and this may be a disadvantage in some cases54. 
However, in the present case, a numerical method cannot be used as 
derivatives of the magnetisation curves are required. The numerical 
representation gives a discontinuity in the derivatives which leads to 
numerical instability problems. 
The fourth requirement follows since the derivative of the function 
AT = f(4)) must be continuous. It follows therefore that piece-wise 
linear methods, linear interpolation55, approximation by straight 
lines55 etc, all of which require the magnetisation curve to be 
subdivided into a few or many more sections and each section to be 
approximated by a single straight line, cannot be used. Even if each 
subsection of the magnetisation curve is approximated by a polynomial 
or an exponential curve56,57, discontinuities will still occur in the 
derivatives, and representation by different expressions for different 
subsections of the 4> scale is not applicable. Hence the choice is 
restricted to a single function whose derivative is continuous over the 
entire range of flux. 
It is not impossible to achieve continuity in the first derivative of 
the magnetisation curve, even when approximating with different 
functions to different subsections of the curve, if these functions are 
carefully selected to satisfy certain boundary conditions. However, in 
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the present situation, the representation must be by a single 
expression valid for the entire region. When the range is subdivided 
into sections, each with a different fitting function, a process of 
decision-making is involved to find into which section the present 
value of ¢ falls before the corresponding value of AT can be evaluated, 
and this requires ¢ to be known at each instant. This does not always 
happen, therefore one expression is necessary. 
Since the values of ¢ and AT cannot be known before the differential 
equations of the system are solved, it is not possible to put a limit 
beforehand on what maximum value they will achieve in either the 
positive or negative direction. The single equation to be used to 
represent the magnetisation curve should therefore be valid for the 
entire range, and it should yield an odd-symmetrical curve in the first 
and the third quadrants of the ¢/AT plane. 
The seventh condition concerning Simplicity is recommended when the 
computing time is a problem for programs which use the fitted curve 
frequently. 
When an approximate curve is fitted to the magnetisation 
characteristic, the overall accuracy of the approximation may be 
considered as satisfactory when the greatest error between the actual 
and the approximated characteristic is either58: 
a) belOW the accuracy of the meters with which the magnetisation 
characteristic of the material is measured 
or 
b) less than the variations that occur between samples of the same 
material. 
In practice, it is not unusual to find that the magnetising force 
required to produce a given flux density varies by as much as 15% 
between samples of the same magnetic material. Because of this, (b) is 
the most stringent criterion for fitting an approximate equation to the 
magnetisation characteristics of the machine iron parts. 
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3.2 SCME FORMS OF ANALYTICAL REPRESENTATION BY SINGLE EXPLICIT 
EXPRESSIONS 
By considering any given interval of the magnetisation cw:ve to be part 
of a periodic curve subject to harmonic analysis, an approximation in 
the form of a Fourier series can be obtained53• The ampere-turn drop 
can be expressed by 
N 
AT = I c n sin (nex) 
n=l 
(3.1) 
where ex = -!- -.! and . cjJs is the maximum attainable value of CPs' However, 
'1'8 2 
a Fourier series approximation does not satisfy the third, fifth and 
seventh requirements mentioned above, and although it yields high 
levels of accuracy, it is not suitable for the purpose of this study. 
Trigonometric functions may be used to represent magnetisation curves 
in the fonn AT = f (CP ) . The function 
(3.2) 
wi th c~ = J:-. -~, satisfying all the requirements except for the cP range 
'"' cP 2 
being restSricted to-cps <¢< ¢s" and it can only be used as long as 
I cjJ I < cjJ s· 
Several suggestions53,59,60 have been made for representing the 
magnetisation curve by transcendental functions, with varying degrees 
of accuracy over the whole range. Simple transcendental functions 
using exponentials such as53 
c ¢ 
AT = c'1 e 2 ( 3.3 ) 
or representation by a sum of exponentials do not satisfy all the 
requirements, as they are not odd-symmetrical and not valid for the 
entire range. A more complicated expression60 such as 
c ¢2 
2 
AT = (C l e (3.4) 
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appears to satisfy all the requirements. 
When using ordinary exponentials, as given by equation 3.3, odd-
symmetry cannot be obtained by using absolute values of flux, but 
various forms of the hyperbolic functions may be utilised to yield a 
single expression valid for the entire range. Such an expression58 is 
(3.5) 
However, this approximation does not provide a very precise fit either 
in the knee region or in the saturated region. It was found58 that a 
better fit can be achieved by using the function 
(3.6) 
where the first term approximates the knee and the saturated region, 
and the second term approximates the linear region. Another hyperbolic 
function which may be used is 
(3.7) 
although the ¢ range is here restricted to ±¢s' as in the case of 
equation 3.2. 
A different approach to the approximate representation of the 
magnetisation curve is to simulate the reluctance function, R( ¢), by an 
analytical expression, which can then be used in the follCMing equation 
AT = [R(¢)]¢ (3.8) 
The function R( ¢) should satisfy the first five requirements, and to 
fulfil the sixth condition it must be even-symmetrical in the R(¢ )/¢ 
plane. This approach is followed in equation 3.4 where the reluctance 
function R(¢) is 
R( ¢) = Gl e 
C ,,2 
2'1' 
(3.9) 
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Similarly the expression 
(3.10) 
may be used instead of equation 3.5. The rational-fraction 
approximation of Widger54, which approximates the magnetisation curve 
by the equation 
(3.11) 
is a result of the same concept. However, if this equation is to be 
valid for both posi ti ve and negative ¢, special care must be taken to 
ensure that the ratio of the two polynomials yields an even-symmetrical 
curve. If only Co aqnd b1 are non-zero, Widger's approximation reduces 
to the Froelich form 53 : 
c 
"0 AT = --::---,,---
1 -b1¢ 
(3.12) 
which gives a hyperbolic approximation, which cannot be used since it 
does not satisfy either of the requirements (e) and (f). To satisfy the 
odd-symmetry condition absolute values of ¢ can be used in the 
reluctance term, but the approximation is still not valid for the 
entire range of operatio~ 
The most straightforward approximation to the magnetisation curve is a 
power series in the general form 
00 
AT = I Ci ¢i 
i=l 
(3.13) 
where i = 1, 2, 3, The power series satisfies all the requirements 
provided that only odd powers of ¢ are taken in the series to ensure an 
odd-symmetrical curve and that the coefficients ci are positive. 
Although, an infinite number of terms exist theoretically in the 
series, in practice only a finite number of terms is necessary for a 
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sufficiently accurate representation. 
An often-used and simpler form of power series approximation is58 the 
polynomial with two or three terms. Three terms are recommended for 
the present study such that each term will fit one of the three 
regions: the straight line, the knee and the saturated region. Such a 
form is given by 
(3.14) 
where the odd m and n exponents are chosen so as to obtain an accurate 
fit to the knee and the saturated regions. For the above approximation 
to be valid for the entire range of operation, special care must be 
taken to ensure that c1' cm and cn are posi ti vee 
For most cases, if the choice of m and n is restricted to odd integers 
only, the fitting curve may not satisfy the required accuracy. 
Therefore, exponents of even integrals or fractional values may have to 
be tried. To satisfy the odd-symmetry condition, absolute fluxes in 
the reluctance term should be used such that 
(3.15) 
The most accurate fitting can be theoretically obtained by allowing the 
coefficients c1' c m and cn and the exponents m and n to be determined 
during the curve-fitting process. 
In the present study, the above expression is used to fit the 
magnetisation characteristics of the different machine parts. This 
choice will he justified by comparing the resulting fitted curve with 
the curve obtained from the more accurate complete power series 
approximation given by equation 3.13. To ensure that the coefficients 
of the considered polynomial, given by equations 3.13 or 3.15, are 
positive the following transformation is applied: 58 
(3.16) 
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and the curve fitting process is carried out to find the values of the 
variables Xi. 
3.3 CURVE FITTING CRITERIA 
In any curve fitting process, there is an error between the actual 
characteristic and the fitted curve. If the magnetisation 
characteristic is required in the form AT = f(<j», errors between the 
given data curve and the approximate curve are calculated in the AT 
form, i.e. at any value of the flUX, <j>i' there are two values of the 
ampere-turn::l : the actual value, ATi , and the fitted one, ATi. The 
corresponding error can be expressed as an absolute error or as a 
relative error61 as follows: 
E = [ATi - ATi ] (3.17) 
Er = 
rAT~ - AT.] J J 
. AT. (3.18) 
1 
where £ and Er are the absolute and the relative error respectively. 
The aim of the process of curve fitting is to minimise either of these 
two errors over the entire range of the fitted data. 
The absolute error at two different values of <j>, one located in the 
linear region and the other located in the saturated region, are shown 
in Figure 3.1. This error may be quite large at high values of AT 
although it is small at small values of AT. Therefore, curve fitting 
in the form AT = f(<I» will be somewhat difficult if the minimisation 
process is carried out for the absolute error. Curve fitting using 
this form will result in a better fit above the knee, since the errors 
there are much larger than those in the linear portion below the knee. 
Using, for the minimisation process, the relative error at each point, 
rather than the absolute errors, yields a better accuracy at the linear 
portion· but somewhat poor accuracy above the knee of the curve. This 
is obvious since the relative errors tend to increase as AT i + O. For 
these reasons, weighted errors in the form 
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(3.19) 
where W(cp) is the weighting function, may be used to bring additional 
flexibility to the curve fitting process. 
The often-used criterion of curve fitting is one of the following 
minimisation processes: 
a) Minimising the sum of the absolute weighted errors, i.e. 
n 
. I I (AT~ - ATi ) .wl is a min:iJm.nn 1==1 (3.20) 
b) Minimising the sum of the squares of the weighted errors, i. e. 
is a min:iJm.nn (3.21) 
c) Minimising the maximum weighted error, i. e. 
(3.22) 
The first norm is particularly appropriate when the data values are 
thought to contain some wild points. The third normal should be used 
only when the maximum error is of particular concern. The second norm 
is more often used as it provides a good compromise between the other 
two norms, and is easily handled mathematically. Ox:xJsing the second 
norm means that the well-known least squares method61 can be applied to 
the curve fitting problem. This is a well established method and is 
computationally fast. 
3.4 OOMPUTER IMPLEMENTATION 
A computer program using Fortran 77 has been written to fit a given 
magnetisation data. To justify the validity of using a polynomial of 
three terms, and to compare the results with the more accurate complete 
power series, the following choices of fitting formulae are included in 
the program: 
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i) a power series of odd exponents up to any chosen degree, 
ii) a three terms p::>lynanial with chosen exponents, 
iii) a three terms polynomial with chosen exponents and a chosen 
coefficient of the first linear term, 
iv) a three terms p::>lynomial where the exponents are considered as 
variables. 
A NAG library routine called 'E04FDF' has been used to calculate the 
values of the unknown variables which give a minimum value of sum of 
squares of the weighted errors. The routine is applicable to problems 
of the form 
n 
Minimise F(x) = L [fi (x)]2 i=l 
(3.23) 
where x = [Xl' x2' ... , xm]T, is the unknown m variables and n~. 
The function fi(x.) is often referred to as 'residual', and if replaced 
by the weighted error, equation 3.23 will be equivalent to the 
criterion given by equation 3.21. A routine has been written to supply 
the 'E04FDF' routine with the weighted error as a residual at every 
p::>int of the flux data. 
The curve fitting process is started by guessing values for the unknown 
variables. From this starting point a sequence of points, which is 
intended to converge to a local minimum of the sum of squares, is 
generated by the 'E04FDF' routine using estimates of the curvature62 of 
F(x) . 
When using the polynomial of chosen exponents, the resulting fitted 
curve may not satisfy the required accuracy. In this case, the process 
is repeated with different exponents until satisfactory results are 
obtained. When using the polynomial of variable exponents the 
resulting fitted curve may represent an unsatisfactory local minimum. 
In this case, the process is repeated using different values of the 
variables in an attempt to converge to another acceptable local 
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minimum. The curve fitting process, therefore, needs to be of an 
interactive nature with the computer in which mathematical sense soould 
be used. 
3.5 RESULTS AND DISCUSSION 
A polynomial including odd power terms up to the 15th degree was first 
considered, and used to fit the stator magnetisation curve of the 494 
KVA alternator described in Section 2.5. The resulting fitted curve 
almost coincides with the magnetisation data as sOOwn in Figure 3.2. 
The repetitive use of a polynomial containing all the odd power terms 
up to a specified number would be too time-consuming when solving the 
system equations by computer, and a compromise has to be made between 
accuracy and computational time. Therefore, the simple polynomial with 
only three terms was used. It was found that use of the formulae given 
by equation 3.15, letting m and n to be determined during the curve 
fitting process, requires a very large computational time to generate 
the unknown variables. In spite of this, the obtained curve may not 
accurately fit the actual data, as the process of minimisation may lead 
to a bad local minimum point as soown in Figure 3.3. 
The quickest and fairly accurate fitting was obtained when using the 
three terms polynomial in which the coefficient of its linear term was 
cOOsen to fit the linear portion, while the exponents of the other two 
terms were interactively coosen to fit both the knee and the saturated 
portions. Several trials were required to reach the most suitable 
values of exponents for a sufficiently accurate representation. 
Nevertheless, the total computational time was still extremely small 
compared with that required when the exponents were taken as variables. 
The three term polynomial with coosen coefficient of the linear term 
and GOOsen exponents of the other two terms was therefore adopted and 
used to fit the stator, rotor and the open circuit magnetisation 
characteristics of the machines specified in Section 2.5. As an 
example, the results for the 494 KVA alternator are shown in Figures 
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3.4-3.6. These figures confirm the ability of the adopted formula to 
give a physically acceptable representation of the magnetisation 
characteristic with high accuracy. 
Through all the previous fitting processes, it has been found that a 
weightinJ factor W = fA; gives a gcxx:l compromise between unity and A~ 
weightinJ factors. Therefore / has been used as a weighting factor 
for all the fitted characteristfJs. 
The resulted formulae obtained for the stator, rotor and open circuit 
magnetisation characteristic for the 494 KVA alternator is given in 
Table 3.1. 
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Fig. 3.1: Curve fitting errors in the AT form 
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Fig. 3.2: Fitted curve of the stator magnetisation characteristic 
of the 494 KVA alternator using odd power series up to the 
15th degree 
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494 KVA alternator using the formula described in Figure 3.4. 
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(1) Using a power series of odd exponents up to the 15th degree 
(2) Using a three terms polynomial \\here the coefficients and the 
exponents are considered as variables 
(3) Using a three terms polynomial with chosen exponents and a chosen 
coefficient of the first linear tenn 
TABLE 3.1: Fitted formulae to the 494 KVA alternator rragnetisation 
characteristics 
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OIAPI'ER 4 
ELEX:TRCM'\GNETIC N:l'H..INFARITY EF'FECI'S IN THE I..AMrNATED 
SALIENl'-POLE SYl'OIRCN:US MAOIINE 
Due to the electromagnetic nonlinearity encountered in the machine, the 
reactances of its model are no longer constant. The values of these 
reactances will depend on the magnetic conditions in the machine. 
Accurate modelling of the machine necessitates proper consideration of 
the saturation effects. Previous authors have either neglected the 
saturation effects5,13, or applied it only to the magnetising reactance 
with the fundamental airgap flux as a measure for the· level of 
saturation3 ,4,6,7. Most of them used the conventional method of 
saturation using the open circuit characteristics2- 4. The use of the 
open circuit characteristic made it difficult to consider mutual 
saturation effects between the main and leakage fluxes. This meant 
that the effect of leakage fluxes on the saturated main reactances has 
been neglected, and that all the leakage reactances have been 
considered unsaturable3. Also, the use of the conventional saturation 
curve makes it difficult to consider quadrature-axis saturation and 
mutual saturation effects between direct- and quadrature-axes fluxes3. 
In the following, a new approach will be used to deal with saturation 
effects. Separate stator and rotor magnetisation characteristics, 
obtained using the central line path for a field waveform, will be used 
to calculate the iron reluctances corresponding to the sum of the main 
and leakage fluxes flowing therein. Also, the effect of the iron on 
the airgap flux waveform will be considered. Saturation factors for 
both the main and leakage reactances will be derived as functions of 
the machine reluctances and the flux distribution ooefficients. 
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4.1 EFFEcr OF SATURATION ON THE AIRGAP FLUX WAVEFORMS 
Many papers8 , 9,63 have introduced some coefficients to describe the 
relations between the airgap fundamental flux and the total flux. 
These are defined for the airgap flux components due to the armature, 
field and damper circuits currents for the unsaturated conditions. If 
the iron path reluctances are considered, the airgap flux components 
waveforms will differ. Consequently the flux distribution coefficients 
should be modified. If, for the unsaturated condi tion.p ,Ad. is taken as 
the ratio of the maximum flux density of the fundamental wave to the 
maximum value of the total wave for the various direct-axis circuits, 
this ratio should be modified to Acd for the saturated conditions. 
Also, if, for the unsaturated conditions, ~ is taken as the ratio of 
the total flux to the fundamental flux for the various direct-axis 
circuits, this ratio should be modified to Kcd for the saturated 
conditions. Similar effects should be considered for the quadrature-
axis flux components. The coefficients A~q and K~q' for the 
unsaturated conditions, should be modif~ed to Acq and Kcq when iron 
effects are considered. 
v U I) v 
Acd' Kcd' Acq and Kcq are constants and can be calculated from 
unsaturated flux mapping. Wieseman63 presents a group of curves 
established by flux plotting which relates these coefficients to the 
machine pole and airgap dimensions. Acd' Kcd' Acq and Kcq vary 
according to the degree of saturation and are obtained by considering 
the effect of the iron on the shape of the airgap flux wave64. The 
method of calculating these coefficients is given in Appendix A .2. 
The quadrature-axis coefficients, as defined by previous autlx>rs8,9,63, 
relate the fundamental flux in this axis to the total flux that will 
exist if the driving ampere-tum acts in the direct-axis. However, it 
has been found that it is mathematically convenient to relate the 
quadrature-axis fundamental fluxes to the total fluxes acting in this 
+ 
axis. A new coefficient, Acq has therefore been introduced. This 
coefficient is obtanied by multiplying the original coefficient, ~, 
by the ratio of quadrature-axis to direct-axis airgap lengths. 
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4.2 EQUIVALENT CIRCUIT ELEMENTS AFFECI'ED BY SATURATION 
For a salient-pole alternator, the direct-axis saturation is 
significant and affects most of the reactances of the equivalent 
circui t. The airgap flux-dependent mutual and total self-reactances 
are severely affected, while of the leakage reactances, that of the 
field is the one which is dominantly affected. In the quadrature-axis 
the saturation effects are less significant2,65 as the stator mmf is 
usually inadequate to produce high fluxes due to the existence of the 
large airgap in this axis. 
In the following sections, methods will be given to calculate the 
direct-axis IX)nlinear armature, field and damper cirelli ts airgap flux-
dependent reactances, and the armature and field leakage reactances. 
For the sake of completeness, the analysis will be extended to 
calculate the quadrature-axis nonlinear armature and damper circuits 
airgap flux-dependent reatances, and the armature leakage reactance. 
The saturation effects will be neglected for the damper bars and end 
rings leakage reactances. This will give relatively small errors in 
the predicted sub-transient quantities for the dynamic conditions of 
the machine. 
In the following analysis the saturated reactances, x, will be related 
to the unsaturated value, ~, through the following formula 
(4.1) 
where ~ is a saturation factor depending on the machine design data and 
its magnetisation characteristics. 
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4.3 DERIVATION OF SATURATION FACI'ORS 
During the analysis, the following assumptions are made: 
i) The interaction between the direct- and quadrature-axes fluxes 
through mutual saturation effects is neglected. Consequently, 
the saturation level indicator in the direct-axis will be the 
direct-axis flux component, and for the quadrature-axis it will 
be the quadrature-axis flux component. 
ii) Eddy currents and hysteresis effects are neglected. 
'!he derived saturation factors are divided into two groups, one for the 
airgap flux-dependent reactances and the other for the reactances due 
to pure leakage fluxes. 
4.3.1 Saturation Factors for the Direct-axis Airgap Flux Dependent 
Reactances 
In this section, saturation factors for the direct-axis mutual 
reactances, armature reaction reactance and the various total airgap 
flux-dependent reactances will be derived. 
a) Saturaticn factor for the mutual reactance, ~, between annature 
and field 
This reactance is due to the field fundamental flux in the airgap8. 
The ampere-turns established by the field, ATf , will be absorbed in 
driving the field flux through the pole, airgap and stator as slx>wn in 
Figure 4.1. The following relation therefore holds 
(4.2) 
where ATgf, ATsf and ATpf are the components of airgap, stator and 
rotor ampere-turns drops respectively due to the flow of the field 
flux. These ampere-turns components should be calculated at the 
saturation conditions corresponding to the resultant flux produced by 
all the currents. '!he different components of the ampere-turns drops 
may be obtained as functions of the fundamental airgap flux <PgFf as 
follows: 
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(4.3) 
where RgFd is the direct-axis airgap reluctance to the saturated 
fundamental flux. This is expressed in terms of the machine 
dimensions and field flux distribution coefficient, At'd' as64 : 
1T 19d 
RgFd = -;::'2-)J-O-T-p-~'~i -=A,c-
f
-
d 
Also, for the stator 
(4.4) 
(4.5 ) 
where RsFd is the stator reluctance to the direct-axis stator 
fundamental flux and can be obtained from the stator magnetisation 
characteristic. 
The field stator fundamental flux is equal to that of the airgap. 
Therefore equation 4.5 can be expressed in terms of ¢ gFf as 
(4.6) 
Also, for the rotor 
ATpf = ¢ pFf ~F (4.7) 
where ~F is the rotor reluctance to the rotor fundamental flux and can 
be obtained from the rotor magnetisation characteristic. The field 
rotor fundamental flux can be expressed in terms of ¢ gFf as 
¢ pFf = ¢ gFf a p (4.8) 
where a p is the pole leakage flux coefficient expressed in terms of the 
field leakage flux as64 
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(4.9) 
Equation 4.7 may be expressed in terms of <P gFf as 
(4.10) 
With the aid of equations 4.2, 4.3, 4.6 and 4.10, <P gFf is expressed as 
(4.11) 
For the unsaturated condition, the field ampere-turns are assumed to be 
absorbed by the airgap reluctance only, and the field fundamental flux 
is given by 
<P _ ATf 
gFf - R 
gFdu 
(4.12) 
where RgFdu is the airgap reluctance to the unsaturated fundamental 
flux wave and is given by 
'TTl d 
RgFdu = 2 g 11 \l T L. Afd o p 1 
(4.13) 
Using the relations given by equations 4.11-4.13, it can be shown that 
(4.14) 
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b) Saturaticn factor far the reactance, Xad, of annature reacticn 
This reactance is due to the direct axis fundamental airgap flux 
produced by the armature8. '!he effective direct-axis armature ampere-
turns, ATad, are absorbed in driving the armature flux through the 
airgap, stator and rotor. Applying the same principles employed for 
fJaf, and considering the effect of armature leakage flUX, it can be 
shown that 
~ad = -----------
1 + (osdRsFd+RpF)/RgFd 
(4.15) 
where crsd is the direct-axis stator leakage flux ooefficient expressed 
in tenns of the armature leakage flux as 
¢slad 
0sd = 1 + ----
Kfd ¢gFad 
(4.16) 
c) Saturation factor for the mutual reactances, Xaknd, between 
annature and arw direct-axis damper circuit 
This reactance is due to the direct-axis airgap fundamental flux 
produced by the nth damper circuit8. Applying the same principles 
employed for ~af' and neglecting the effect of the bars leakage fluxes, 
it can be shown that 
~aknd = ----------
1 + (RsFd + RpF)/RgFd 
, 
(4.17) 
d) Saturaticn factors far the total airgap flux--dependent reactances, 
Xaad, ~f and ~ of the direct-axis circuits 
These reactances are due to the direct-axis total airgap fluxes 
produced by the armature, field and damper circuits8• The total 
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airgap flux is the sum of the airgap fundamental and differential 
harmonic fluxes. Thus in general for a circuit designated by c 
(4.18) 
where XCF and Xch are the reactances due to the fundamental and 
harmonic fluxes respectively. For the armature, field and damper 
circui ts, XcF is Xad, Xaf and Xaknd respectively, and Xch is Xahd,xfh 
and Xknhd respectively. 
Making use of the definitions of Kc~ and Kcd given in Section 4.2, it 
can be shown that 
K ~ - ~ cd 
cc - cF K""lJ 
cd 
This relation may be expanded as follows: 
4.3.2 
K 
1-1 = ~ :..:ad 
aad ad K U 
ad 
K ~ = ~ ~ ff af KIJ 
fd 
K ~kknd = ~aknd ~ 
Saturation Factors fo~k~e Direct-axis 
(4.19) 
(4.20) 
Leakage Reactances 
In this section, saturation factors for the field and armature leakage 
reactances will be derived 
a) Saturaticn factor for the field leakage resistance, ~l 
The field leakage flux flows through the interpolar .space and at the 
pOle sides and complete~ its path through the iron body49, 63. 
Neglecting the pole tip ampere-turns drop for the tip-to-tip part of 
the leakage flux, the field ampere-turns are balanced by the rotor 
ampere-turns drop, ATpf' due to the flow of the total field flux plUS 
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the ampere-tuIns required to drive the field leakage flux in the air as 
shown in Figure 4.1. Consequently ~Plf is given by 
(4.21) 
where A P is the field leakage ractance penneance51 • 
For the unsaturated condition where the iron drop is neglected 
(4.22) 
With the aid of equations 4.20 and 4.21, it can be sh.avn that 
]J fl (4.23) 
If ATpf and ATf are replaced with the flux-reluctance product formulae 
given in equations 4.2-4.10, ]Jfl may be expressed as a function of the 
reluctances as follOWS: 
o 
= 1 _ P RpF 
R d+ R d+ o RF gF sF P P 
(4.24) 
b) Saturation factor for the annature leakage reactance, Xald 
The armature leakage flux can be divided into four components, namely, 
slot, tooth tip, end winding and harmonic differential leakage 
fluxes 51• The latter is an airgap flux and is dealt with through Xahd 
in Section 4.3 .1( d). The end winding leakage flux does not affect the 
saturation condition of the stator. Therefore, it is calculated always 
as for the unsaturated condition. 
Neglecting the circumferential tooth tip-to-tip reluctance12, and 
applying the same principle employed for 1-1£1' it can be shown that 
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].laId = I 
ATsad As + At 
Aad/Afd ATad As + At + Ae 
(4.25) 
where ATsad is the stator ampere-turns drop due to the flow of direct-
axis annature flux component. A s' A t and A e are the slot, tooth tip and 
end winding leakage reactance permeances 51 respectively. 
Alternatively, ].lald may be expressed in terms of the machine reluctances 
as follows: 
(4.26) 
4. 3.3 Saturation Factors for the Quadrature-axis Airgap Flux-Dependent 
Reactances 
The quadrature-axis shows a larger airgap reluctance compared with the 
direct-axis. The iron reluctance is mainly due to the stator path while 
that of the rotor is negligible6. 
a) Saturation factor for the reactance, ~, of annature reaction 
This reactance is due to the quadra~ure-axis fundamental airgap flux 
produced by the armature currentS. Applying the same principles 
employed for the direct-axis, and neglecting rotor reluctance, it can 
be shown that 
l.laq = (4.27) 
1 + o R. /R sq sFq gFq 
where RgFq is the quadrature-axis airgap reluctance to the saturated 
fundamental flux, and is given by64 
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(4.28) 
RsFq is the stator reluctance to the quadrature-axis fundamental stator 
flux, and it can be obtained from the stator magnetisation 
characteristics. 
0sq is the quadrature-axis stator leakage flux coefficient expressed 
in terms of the annature leakage flux as 
° sq 
¢slaq 
= 1 + ----=--
Kfd ¢gFaq 
(4.29) 
b) Saturation factor for iDa mutual reactarx:e, Xaknq' between annature 
and any quadrature-axis damper circuit 
'!his reactance is due to the quadrature-axis airgap fundamental flux 
produced by the nth damper circuit current8 . Applying the same 
principles employed for the direct-axis, and neglecting rotor 
reluctance, it can be shown that 
(4.30) 
c) Saturation factors for the total aiIgap reactances, ~ and ~, 
of the quadrature-axis circuits 
These reactances are due to the quadrature-axis armature and damper 
circuits fundamental plus differential harmonic fluxes8• Similar to 
that of the direct-axis, it can be shown that 
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~ ~ccq = ~CFq K I (4.31) 
cq 
This equation can be expanded into 
K 
~ = ~ aq 
aaq ak ~ 
aq 
~kknq = tlaknq ~q 
Kknq 
(4.32) 
4.3.4 Saturation factors for the quadrature-axis leakage reactances 
From the analogy with the armature leakage reactance of the direct-
axis, it can be shown that 
AT 
~alq = 1 _ sal] A + IAfd AT aq aq 
(4.33) 
where ATsaq is the stator ampere-turns drop due to the flow of 
quadrature-axis armature flux component. In terms of the machine 
reluctances ~alq can be expressed as: 
(4.34) 
4.4 MJDIFIED SATURATION FAcroRS CONSIDERING MlJIUAL SATURATION EFFEcrS 
BE'IWEEN DIRECl'- AND QUADRATURE-AXIS FLUXES 
The decrease of direct-axis flux in DC machines under load due to the 
quadrature-axis flux is a well-krx:>wn phen::::>mena. In synchronous machines 
the effects of flux coupling in common parts of the direct- and 
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quadrature-axis magnetic circuits are normally neglected7,l7. This is 
often accompanied with the asStunption that the quadrature-axis flux is 
not influenced by saturation especially when salient-pole machines are 
considered. 
In this section, the cross saturation effects in salient-pole 
synchrorx:>us machines will be investigated to ascertain its importance. 
The magnetic circuit of a salient-pole machine consists of iron and air 
paths. Using the two axes flux concept, there are iron parts 
conducting some direct-axis flux as well as quadrature-axis flux, e.g. 
the stator and the pole shoe. Hence, cross saturation occurs between 
these orthogonal axes fluxes. l ,67 
In the following analysis, the cross saturation effects in the stator 
on both leakage and main fluxes will be considered. The cross 
saturation effect in the pole shoe on the tip-to-tip leakage flux will 
also be considered. Due to the mutual saturation effects between the 
main and leakage fluxes, the main fluxes in the pole will be indirectly 
affected. The direct effect of cross saturation in the pole shoe on 
the main fluxes can only be adequately investigated by flux plotting 
techniques. Therefore, there is no simple way of aCCOtmting for this 
effect2 if, as in this study, the saturation effects are dealt with 
through equivalent magnetisation characteristics for the machine main 
parts. This effect will therefore be neglected. 
4.4.1 Mutual Saturation Effects Between the 'Thx> Axes Fluxes in the 
Stator 
The magnetic paths of the direct- and quadrature-axis fluxes in the 
stator are not isolated from each other. Consequently, the degree of 
saturation in the stator will be determined by both axes fluxes. The 
stator will show an effective reluctance to the flow of flux in both 
directions depending on the resultant stator flux2, 67. Therefore, the 
stator saturation level indicator will be the stator resultant 
fundamental flux, ¢sF. The stator reluctance, RSF will be a function 
of ¢SF' and should replace both RsFd and RsFq in the previously derived 
saturation factors formulae. 
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4. 4.2 Ivlutual Saturation Effects Between t.~e·'IWo Axes Fluxes in the Pole 
Shoe 
When the machine is excited only by its field current the two halves of 
the pJle shoe are equally loaded by the magnetic flux. But, at nonnal 
loading conditions, apart from steady state zero pJwer factor loadings, 
these two halves carry different amounts of flux66. This is due to the 
fact that part of the quadrature-axis flux is added to the direct-axis 
flux in one half and subtracted from it in the other. The pole tip 
flux, </> pt' is a function of the different two axes main flux compJnents 
established by the machine currents plus the pJle tip-to-tip leakage 
flux ¢ptlo This pole leakage flux component, therefore, will be 
influenced by the pole tips reluctances, which are functions of the 
total fluxes flowing ther'ein. The saturation factor for the field 
leakage reactance should be modified to include the effect of pJle tips 
reluctances 0 
4. 4.3 Saturation Factors for the Airgap Flux-Dependent Reactances 
Replacing RsFd and RsFq by RsF, the airgap flux dependent saturatioan 
factors considering the mutual saturation effect became as follows 
A/All 
~ad = ad ad (4.35) 
1 + (OsdRsF + Rpp)/RgFd 
~af = 
Afd/Aid (4.36) 
1 + (Rsp + 0pRpp> /RgFd 
~d = 
Afd/Aid (4.37) 
1 + (Rsp + Rpp)/RgPd 
Ked (4.38) ~ccd = ~cFd ~ 
cd 
A clAu (4.39) ~aq = a aq 
1+0 Rp/Rp sq s g q 
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(4.40) 
~ccq = ~CFq ~ 
K " OJ 
(4.41 ) 
4.4.4 Saturation Factors for the Leakage Reactances 
The pole leakage flux established by the field current may be expressed 
in terms of its components, namely the pole body and pole tip-to-tip 
leakage fluxes, as 
( 4.42) 
The pole leakage reactance permeance, Ap, can also be split into two 
components, Apb and Apt' to correspond to the pole body and pole tip-
to-tip leakage components. The formulae for these permeance components 
are given in Appendix A.1. 
The pole body leakage flux is calculated as follCMS: 
(4.43) 
With the aid of Figure 4.2, the pole tip-to-tip leakage flux can be 
calculated as follows: 
(4.44) 
Substituting equations 4.43 and 4.44 into equation 4. 42 gives 
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Finally, using equations 4.45 and 4.22, it can be shJwn that 
~fl 
= 1 _ ATpf Ap + i (AT~tf + AT;tf) Apt 
ATf Ap 
( 4.45) 
(4.46) 
where AT~tf and AT~tf are the pole tip ampere-turns drops in the two 
differently loaded halves of the pole shoe due to flow of the flux 
established by the field current. The field leakage reactance 
saturation factor can be expressed in terms of machine reluctances and 
leakage flux coefficients as follows: 
where 
a RPFAp + .} Opt {Rp' tF + Rp"tF> Apt ~ "" i - _P_-=----= _____ '--_____ _ 
fl (R Fd + R F + a R F)A g s P P P 
= 4>ptf + 4>ptlf 
4>gFf 
(4.47) 
( 4.48) 
, " ~t and ~tF are the reluctances of the two differently loaded halves 
of pole tips and can be obtained from the pole tip magnetisation 
characteristic. 4> ptf is the portion of the field main flux flowing in 
the pole tip. 
The saturation factors for the direct- and quadrature-axis armature 
leakage reactances are obtained by replacing RsFd and RsFq by RsF in 
equations 4.26 and 4.34 to give 
~alq 
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o R AS + At sq sF 
= 1 - ------------------------
R + 0 R A + A + A gFq sq sF s t e 
4. 5 CALaJLATION OF THE RELUcrANCES AND LEAKAGE FLUX CDEFFICIENTS 
(4.49) 
(4.50) 
The saturation factors formulae derived in the previous sections are 
expressed in terms of reluctances and leakage flux coefficients. The 
stator and rotor reluctances and leakage flux coefficients are 
dependent on the values of the flux components. These flux components 
are dependent on the currents, and are calculated as detailed in the 
following sections. 
4.5.1 Air-gap Fluxes and Reluctances 
The direct-axis fundamental flux, ¢ gFd' is the sum of the fundamental 
flux produced by the different direct-axis coils, and is given ~5 
¢ gFd = ¢ gFad + ¢ gFf + ¢ gFkld + ¢ gFk2d + ••• (4.51) 
The different canponents of fluxes are given in Weber by 
(4.52) 
¢ gFknd = i knd Xaknd ¢ n 
In a similar way, the quadratrure-axis fundamental flux is given ~5 
67 
(4.53) 
The different canponents are given in Weber by 
(4.54) 
¢ gFknq = iknq Xaknq ¢ n 
The direct- and quadrature-axis airgap reluctances to the saturated 
fundamental flux are given by equations 4.4 and 4.28 respectively. 
4.5.2 stator Fluxes, Leakage Flux Coefficients and Reluctances 
The direct- and quadrature-axis stator fundamental fluxes are obtained 
from the sum of the fundamental airgap flux plus the stator leakage 
flux. Consequently, 
¢ sFd = ¢ gFd + ¢ slctlKtd (4.55) 
¢ sFq = ¢ gFq + ¢ slqlKtd (4.56) 
The stator leakage fluxes, ¢sld and ¢slq' are calculaied, neglecting 
the stator teeth circumferential tip-to-tip reluctance, as follows: 
(4.57) 
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(4.58) 
The end winding leakage flux component is not included in ¢Sld and ¢ slq 
as it does not participate in saturating the iron2. 
To calculate the stator leakage flux coefficients given by equations 
4.16 and 4.29, it is necessary to calculate the components of stator 
leakage fluxes due to the direct- and quadrature-axis armature 
currents. These are calculated from 
(4.59) 
(4.60) 
The stator direct- and quadrature-axis reluctances, RsFd and RsFq, are 
calculated as functions of ¢sFd and ¢SFq respectively using the 
magnetisation characteristic of the stator. 
The resultant stator fundamental flux, ¢sF' can be calculated from: 
(4.61) 
and the corresponding stator reluctance, RsF is calculated using the 
magnetisation characteristic of the stator. 
4.5.3 Rotor Fluxes, Leakage Flux Coefficients and Reluctances 
The rotor fundamental flux is obtained from the sum of the funamental 
airgap flux plus the pole leakage flux. Consequently, 
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(4.62) 
The pole leakage flux, q) pI' can be simply calculated by neglecting the 
cross saturation effect in the pole tip. Thus, it can be slxMn that 
(4.63) 
If the cross saturation effect in the pole tip is to be considered, the 
pole leakage flux will be affected by the pole tip reluctances. These 
reluctances are dependent on the pole tip flux, <Ppt. The pole tip flux 
can be calculated as the sum of main flux components established. by the 
different coil currents plus the pole tip-to-tip leakage flux as 
follavs: 
Nk 
q, pt = q, ptad + q)ptf + )~ q) ptJmd 
n==1 
(4.64) 
The main pole tip flux components vary from one section to another 
along each pole tip, therefore the reluctance of a pole tip will be 
calculated using the value of the pole tip flux at a section one-third 
the way from the pole body to the end of the pole tip 66. A method of 
calculation of the main flux components is given :in Appendix A.3. Thus, 
when considering the cross saturation effect in the pole tips, the pole 
leakage flux is calculated as follOWS: 
(4.65) 
70 
ATpt and AT~t are the pole tip ampere-turrsdrops in the two halves of 
the pole shoe. 
To calculate the pole leakage flux coefficient given by equation 4.9, 
it is necessary to calculate the component of the pole leakage flux due 
to the field current. This is calculated from 
(4.66) 
or, if the pole tip ampere-b.n:n; drops are considered, fran 
cfJplf AI' "A = (ATf - ATpf ) pI - L (ATpt + ATpt) ptl (4.67) 
The rotor reluctance, ~F' is calculated as a fW1ction of tPPF using the 
rotor magnetisation Characteristic. Also, the pole tip reluctances are 
calculated as functions of either pole tip fluxes using the pole tip 
magnetisation characteristic. 
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d 
--+-- q 
Fig. 4.1: Schematic diagram showing the equivalent magnetic circuit for 
the field and its associated fluxes 
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R 
p 
~p ~p 
Fig.4.2; Equivalent magnetic circuit for the tip-to-tip pole 
leakage flux 
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OIAPI'ER 5 
Ml\THEw\TICAL M:DELLllG AND DIGITAL SIM.JLATICN OF 
AN ISOLATED SYtUffi.ClUJS GENERA'IDR 
Various mathematical models are availablel - 13 to represent the 
synchrorx:>us machine based on the well-laxJwn two-axes theo~. These 
models vary in degree, accuracy, complexity and suitability to the 
different loading conditions. Mathematical models can be categorised 
as (i) non-linear models for time domain simulation, and (ii) linear or 
small disturbance models for investigation of the characteristic or 
indicial response of a system. Within either of these kinds of models, 
there are other considerations and classifications, such as (a) order 
of the model, (b) direction of solution, (c) inclusion or omission of 
'speed change effects' and 'transformer voltage terms in the armature', 
and (d) saturation effects. 
In the present work, a non-linear model for time domain simulation of 
an isolated laminated synchronous generator will be presented. The 
, 
model will cover both steady state and transient conditions of the 
machine, and it will be based on the adopted Linville-Rankin equivalent 
circuits. The order of the model is, therefore, variable and depends 
on the number of damper circuits. The model will include saturation 
effects and armature transformer vol tage, while it will omit speed 
change effects. 
5.1 STEADY-STATE MATHEMATICAL MODEL 
At steady state operation of a synchronous machine with IX>rmal balanced 
tenninal conditions, all the direct and quadrature axes quantities will 
be constant values. Therefore, the only active coils are those of the 
annature where rotational voltages are induced therein, and the field 
coil which is excited by a constant voltage. The damper coils are IX)t 
active at steady state and do not carry any currents. 
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The three simultaneous algebraic equations governing the machine in the 
steady state may be written in matrix form as 
. 
[v] [R] [1] + 0 [G] [i] (5.1) 
where [v] is the steady state voltage vector and is given by 
[v] (5.2) 
[i] is the steady state current vector' and is given by 
(5.3) 
[R] is the steady state resistance matrix and is given by 
I r 
a 
[R] = (5.4) 
and [G] is the rotational voltage matrix and is given by 
o o 
[G] o o o (5.5) 
o _I 
15 
For a given terminal condition, equation 5.1 is solved to obtain the 
field current and voltage. The solution may be carried out in the 
following manner: 
For an armature terminal voltage V, terminal current I and power factor 
angle~, the power angle 6 and the armature two axes currents and 
vol tages are calculated from l 
I (r sin1) + x cos¢) 
a q (5.6) 
V+I (r cos¢- x sin~) 
a q 
vd =12 V sin 6 (5.7) 
(5.8) 
(5.9) 
(5.10) 
Then, using the quadrat-ure-axis armabrre circuit equation included in 
equation 5.1, the field current is given by 
v + OXd id - r i q aq 
e xaf 
(5.11) 
The field voltage is simply calculated from 
(5.12) 
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For the unsaturated conditions, the unsaturated reactances are used to 
calculate the power angle and the field quanti ties directly. When 
saturation is considered, the solution is carried out using the 
following iterative technique: 
i) The unsaturated parameters are used to calculate <5, then the 
armature two axes quanti ties 
ii) The field current is calculated using equation 5.11 
iii) The machine currents are used to calculate the fluxes, the 
saturation factors and the new saturated parameters 
iv) The saturated parameters are used to calculate 0, then the 
armature "t:vx) axes quanti ties 
v) steps (ii), (iii) and (iv) are repeated until no change in the 
field current is obtained 
vi) The field voltage is calculated using equation 5.12. 
5.2 DYNAMIC MATHEMATICAL MJDEL 
For dynamic and transient modelling, it is convenient to inClude the 
load resistance and reactance wi~1 the armature resistance and leakage 
reactance, and the terminals of the generator may be considered as 
short-circuited. The equations relating the voltages and currents for 
the direct- and quadrature-axis equivalent circuits may then be written 
in matrix form as1 
[v] = [R][i] + [X]p[i] + O[G][i] 
where p = _-,-d-,---. 
dew t) 
n 
is the normalized derivative operator. 
(5.13) 
The voltage and current vectors of the machine coils are given 
respectively by 
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[V] = [0, Vf , 0, 0, 0, .. ,0,0,0,0, .. ]T (5.14) 
The [R], [X] and [G] matrices are given in Appendix A.4. To obtain a 
solution during transient conditions, equation 5.19 may be rearranged 
into the state space form: 
p[i] = [X]-1[v] - [X]-1 erR] + O[G]}[i] (5.22) 
A fifth order Merson-Runge-Kutta numerical integration method61 can be 
used t~ obtain a step by step numerical solution to this equation!. At 
the end of each step, the calculated currents are used to calculate the 
saturated reactances. The updated reactances are then kept constant and 
used in equation 5.16 to calculate the currents for the next step. 
This technique gives acceptable accuracy for suitably small step 
lengths. 
5.3 ITERATIVE TE01NIc;uES FOR 'lUE CALCUlATION OF THE SATURATION FACTORS 
The electromagnetic non-linearity inside the machine requires an 
iterative technique to be used to calculate the fluxes, reluctances and 
thus the saturation factors to update the reactances for the next step 
of integration. 
Two techniques have been tried, one of them has failed to give a 
convergent solution. In this technique the individual airgap flux 
components created by the respective currents are adjusted using the 
error in that current. The Gauss-Seidel method6!, with the aid of the 
Newton-Raphson method61 , has been employed wi thin this technique to 
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obtain a numerical solution to the set of flux comp:ment equations. In 
the Gauss-Seidel method, it is assumed that one of the variables in 
each equation dominates the others. This seems not to be the case 
here, therefore tillS numerical iterative technique failed to converge 
when digitally simUlated. 
In the successful iterative technique, the airgap flux comp:ments are 
adjusted using the error in the resultant axis ampere-turn. The 
technique is carried out using the following steps: 
i) The values of the reactances at the (n-l)th step and the currents 
at the nth step are used to calculate the resultant direct- and 
quadrature-axis airgap fundamental flux components,using the 
equations given in Section 4.5.1. 
ii) The stator and rotor leakage fluxes, and hence the stator and 
rotor total fluxes are calculated using the equations given in 
Sections 4.5.2 and 4.5.3. The non-linear equations of the 
stator and rotor leakage fluxes are solved using an iterative 
technique described in ti1e nex t section. 
iii) The stator and rotor total fluxes are used to calculate the 
reluctances and hence the saturation factors which are used to 
calculate new saturated reactances. 
iv) The airgap fluxes and the new saturated reactances are used to 
calculate a new set of currents using the relation 
, 
i = c (5.17) 
v) The new currents are used to calculate the direct- and 
quadrature-axis resultant ampere-turns fran 
A Nk ~ 
AT' =: ad NT' + Nr' + y d AT' 
d Afd ad f n=l Afd knd 
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N 
A+ k + 
, aq I I Aknq I ATq = -- AT + -- ATknq (5.19) Afd aq n=O Afd 
vi) These ampere-turns are compared with the actual ATd and ATq, and 
the errors are used to calculate new adjusted resul tant airgap 
fluxes, ¢ gFneW' using the Newton-Raphson metlx>d' 6~ New adjusted 
fundamental airgap flux components are then calculated from 
q) 
gF 
new 
cp -¢ ---gFcnew - 9Fcold ¢ gF
old 
(5.20) 
vii) steps (ii) to (v) are repeated until an acceptable error is 
, , 
obtained in the calculated ATd and ATq . 
This method has proved to be quick and successful when digitally 
simulated. 
5.3.1 Iterative Techniques for the Calculation of Leakage Fluxes 
During the iteration steps given before to calculate the saturation 
factors, it is necessary at every value of the airgap flux to calculate 
the reluctances of the stator and rotor. This implies the calculation 
of the stator and rotor fluxes, which necessitates the calculation of 
both the stator and rotor leakage fluxes. 
Making use of the direct-axis ampere-turnsbalance equation, 
(5.21) 
The formulae for the stator and rotor leakage fluxes given by equations 
4.?7 and 4.63 which neglect pole Ups reluctances,rr.ay be rewritten as 
follows: 
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(5.22) 
~d 
-- ATknd ) >.. pI 
Afd 
(S.23) 
To solve these two nonlinear equations, the following iterative steps 
are carried out: 
i) Starting with ¢sld = 0, the stator fundamental flux 4lsFd' is 
calculated using equation 4.55. Then, the corresponding stator 
ampere-turns, ATsd is calculated using the stator fitted 
magnetisation characteristic. 
ii) Equation 5.23 is used to calculate ¢ pI' and the pole fundamental 
flux, <PpF' is calculated using equation 4.62. The oorresponding 
pole ampere-tw:ns, ATp, is then calculated using the pole fitted 
magnetisation characteristic. 
iii) Equation 5.22 is used to recalculate tPsld' then q,SFd' then ATsd. 
iv) Steps (ii) and (iii) are repeated until the variation in iPsld and 
¢pI becomes negligible. 
If the pole tip ampere-turns drops are to be oonsidered, the Calculation 
of rotor leakage flux at step (ii) will not be so direct. If use is 
made of equation 5.21, equation 4.65 for the pole leakage flux may be 
given by 
Nk 
A \' ~d 
= (ATgd + ATsd - ad AT d - l. -- ATknd) Lbl + Afd a n=l Afd P 
Nk 
[ATgd + ATsd - Aad AT d - I 
Afd a n=l 
~nd 1 I " ATknd - - (AT, . + AT )hptl 
fd 2 pt pt (5.24) 
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The pole tody leakage flux is directly calculated from the first term 
of the above equation. The pole tip leakage flux, given by the second 
61 term, is calculated using the Newton-Raphson method from the 
following nonlinear equation 
" (jJptl 1. (AT' + AT. )-
2 pt pt Aptl 
(5.25) 
The stator quadrature-axes leakage flux is easily calculated if use is 
made of the quadrature-axis ampere-turns. palance equation 
N. 
k 
+ 1. 
n=O 
so that equation 4.58 for tllat leakage flux becanes 
N 
k 
)~ 
n=O Afd 
5.4 DIGITAL SIMULATION OF THE ISOLATED ALTERNATOR 
(5.26) 
(5.27) 
The mathematical mooels presented in the foregoing sections have been 
used to develop a digital computer program to simUlate the steady state 
and transient conditions of an isolated alternator. The program is 
wri tten in a general form so that it is capable of simulating any 
al ternator with any number of coils. Thus a machine modelled by many 
damper circuits, or with one equivalent damper circuit on each axis, or 
without damper circuits at all can be simulated. The program is 
designed with many options regarding the Donlineari ty effects. These 
options are: 
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a) to neglect saturation effects 
b) to consider it through the conventional saturation method based on 
the open circuit charac teristic as given in Appendix A. 5 
c) to apply the new saturation factors 
d) to consider mutual sat-uration effects between the two axes fluxes. 
The time step length used during the numerical integration of the state 
space equations is fed to the program as data. Thus, it can be adjusted 
to suit the loading condition under consideration. The 'time step 
length soould be properly chosen to fulfil the following requirements: 
i) short computational time, thus it is preferable to increase the 
step length as much as possible 
ii) good accuracy which puts a limit on the largest step length used68 
iii) numerically stable solution which is achieVed by ensuring that the 
time step length is smaller than the smallest time constant in the 
system of equations69. 
It was found that for normal loading conditions the appropriate time 
step length is equivalent to 1/20 of the AC cycle, thus agreeing with 
the findings of other authors35 . For high resistive loading 
conditions, the step length should be decreased to comply with the 
decreased time constants of the system. 
The program has been written using Fortran 77 and designed to be run on 
the Honeywell Mul tics computer system. Figure 5.1 sOOws a flowchart for 
the complete performance program, while Figure 5.2 sOOws a flowchart 
for the saturation factors routine. 
5.5 RF~ULTS AND DISCUSSION 
Calculations have been carried out on the 494 kVA synchrorx:>us generator 
woose specification is given in Table 2.1. The predicted results will 
be compared with test results to verify the validity of the presented 
mathematical modelS. 
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5.5.1 steady state Results 
a) Direct-axis excitaticn 
The field currents at steady state no load and zero power factor 
loading conditions of the 494 kVA synchronous generator have been 
predicted. Under these loading conditions the machine is excited 
mainly in the direct-axis. The calculations have been carried out using 
the fOllowing machine parameter states: 
i) unsaturated parameters 
ii) saturated parameters using the conventional saturation met:lxx:1 
based on the open circuit characteristic 
iii) saturated parameters using the new saturation factors. 
For the sake of comparison, the predicted and test results for these 
loading conditions are shown in Figures 5.3 and 5.4. Also, the 
variation of the new saturation factors and the <X>I1ventional saturation 
factor for the main and leakage reactances is. shown in Figures 5.5-
5.8. 
Investigation of the results in Figures 5.3 and 5.4 <X>I1firms that it is 
necessary to consider saturation effects for accurate steady state 
studies. Also it shows that although the conventional method for 
saturation gives accurate resul ts at no-load conditions,. it clearly 
fails at other loading conditions such as zero power factor loading. 
The predicted results using the new saturation factors are in good 
agreement with the test results for both open circuit and zero power 
factor loading conditions. 
Figures 5.5 and 5.6 show that the new saturation factors for the airgap 
fundamental flux-dependent reactances have different values, and these 
values are in general different' from the unified saturation factor 
derived conventionally from the open circuit characteristic. The 
difference appears when a direct-axis armature current component 
exists. This is due to the fact that, under direct axis loading 
conditions, the value of the pole leakage flux is different from that 
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at no load, even if the resultant direct axis m.m.f. is the same32. 
This difference in the pole leakage flux affects the reluctance of the 
rotor which in turn affects the values of the saturation factors. Also 
the armature current produces some stator leakage flux which affects 
slightly the stator reluctance and hence the saturation factors. 
Figures 5.7 and 5.8 show that the field leakage reactance is clearly 
affected by saturation, while the armature leakage reactance can be 
considered unsaturable except at flux levels much higher than the rated 
flux. The field leakage reactance does not playa direct role under 
steady state conditions while it does play an important part under 
transient conditions. Therefore, for accurate dynamic study the field 
leakage reactance should be given its proper value according to the 
prevailing saturation condition. 
b) 'lW:J axes exci taticn 
In this section, unity and 0.8 power factor loading conditions are 
studied so as to investigate the performance of the machine under two 
axes excitation conditions. The results have been obtained using the 
following machine parameter states: 
i) unsaturated parameters 
ii) saturated parameters based on the conventional metlxx:l 
iii) saturated parameters using the new saturation factors and 
neglecting mutual saturation effects between direct-and 
quadrature-axis fluxes 
iv) saturated parameters using the new saturation factors and 
considering the mutual saturation effect between direct- and 
quadrature-axis fluxes. 
For the sake of comparison, the results using the first three parameter 
states are shown in Figures 5.9 and 5.10 together with the test 
results. In the case of unity power factor laods (Figure 5.9), apart 
from the predicted results using the unsaturated parameters, there is 
very little discrepancy between both the results using the conventional 
and the new saturation factors and test results. The closeness of the 
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results obtained using the conventional saturation method and the new 
method is due to the fact that the direct-axis armature current under 
unity power factor condition is very small. Consequently, the 
saturation condition in the direct-axis in this case is similar to the 
saturation condition prevailing under open circuit condition. In the 
case of 0.8 power factor loads (Figure 5.10) where the direct-axis 
armature current is pronounced, discrepancies appear between the 
resul ts using the conventional saturation factor and both the test 
resul ts and the results predicted using the new saturation factors. 
This is due to the fact that the conventional saturation method fails 
to consider properly the effect of the pole leakage flux when a direct-
axis armature curren t exists. 
From the previous discussion, it can be concluded that discrepancies 
appear between the conventional method and both the new method and test 
resul ts as long as there is a clirect-axis armature current component. 
When this component becomes negligible, as in the case of unity power 
factor loads, these discrepancies become also negligible. In general, 
the new saturation factors give good results for all conditions, while 
the conventional factors may give acceptable results for these 
conditions characterised by a negligible direct-axis armature current. 
Figures 5.11 and 5.12 show the variation of the saturation factors of 
the quadrature-axis reactances wi-th load current at both unity and 0.8 
power factor loads. It is noticeable that the electromagnetic 
saturation has a little effect on the parameters in this axis. 
Figure 5.13 shows the predicted results when the mutual saturation 
effect between the two axes fluxes is considered. It can be seen that 
these results do not differ appreciably from those obtained neglecting 
that effect. Thus, it appears that the effect of the mutual saturation 
between the two axes fluxes on the steady state performance of the 
machine under investigation is negligible. This is due to the saliency 
of the poles which limits the magnetic paths common to both direct- and 
quadrature-axes fluxes to be effectively the stator and the pole tips. 
Also, the large quadrat-ure-axis airgap greatly reduces the flux in that 
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axis. This small quadrature-axis flux, when combined with the much 
larger direct-axis flux, will result in a stator reluctance slightly 
larger than the stator reluctance corresr:onding to the direct-axis flux 
alone. Consequently, the direct-axis saturation factors will be 
slightly affected. Although the stator reluctance corresp:>nding to the 
resul tant stator flux is used to replace the small quadrature-axis 
reluctance in the formulae of that axis saturation factors, its effect 
is reduced by the dominant quadrature airgap reluctance. The pole tip 
reluctance affects mainly the pole leakage flux. Thus it has a direct 
effect on the field lew{age reactance and consequently may affect the 
dynamic performance of the machine under considerable quadrature-axis 
flux. The variation of the amount of that leakage flux will result in 
a slightly different total pole flux and that will have a small effect 
on the rotor reluctances, and hence on the direct-axis saturation 
factors. 
5.5.2 Transient Short Circuit Results Using the Multi-Damper 
Equivalent Circuit 
The non-linear mathematical model based on the Linville-Rankin 
equivalent circuit has been used to predict the short circuit currents 
of the machine under investigation. The behaviour of all the machine 
currents has been predicted using the four states of parameters 
mentioned in part (b) of section 5.5.1. During the transient 
condition, the airgap flux will decay from an initial value to a final 
steady value. This necessitates repetitive flux mapping to calculate 
the corresponding flux distribution coefficients. This is time-
consuming and is avoided by using constant values for these 
coefficients pertaining to the average flux in the airgap for each 
short circuit condition. 
Figures 5.14 and 5.15 show the computed results using the first three 
states of parameters and the measurements for the field current after 
short circuiting from two initial conditions of 0.377 and 1.0 p.u. ro-
load vol tage. It can be seen that discrepancies between the computed 
and test results appear when the unsaturated parameters are used, even 
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at low flux level in the airgap, as in the case of short-circuiting 
from 0.377 p.u. no-load voltage. The conventional saturation factors 
based on the open circuit characteristic give correct values of field 
current at no-load, but do not improve the predicted transient field 
current. The conventional method neglects the effect of saturation on 
the field leakage reactance and this results in a large transient time 
constant which reduces the rate of decay of the undirectional component 
of the field current, as shown in Figures 5.14 and 5.15. The new 
saturation factors give results in good agreement with the test results 
over all the study time. 
Figures 5.16 and 5.17 show the computed and test results for one of the 
armature phase currents. This current has been obtained using the 
conventional dqojphase transfonnationJ In both short circuit cases, 
the predicted results using ~1e new saturation factors agree closely 
with ~1e test results. Some differences appear between the predicted 
resul ts using the conventional saturation method and the test results. 
These differences are not large because the annature leakage reactance, 
which plays a major role in detennining the behaviour of short circuit 
armature currents, can be considered unsaturated as this method 
assumes. 
The nlulti-damper equivalent circuit enables the individual damper bar 
currents to be detennined. The behaviour of the bar currents during me 
of the short circuit cases has been predicted using the new saturation 
factors and are shown in Figures 5.18 and 5.19. 
The behaviour of the direct-axis main saturation factors under short 
circui t conditions is shown in Figures 5.20 and 5.21. When short 
circui ting from an initial low flux condition as in the case of 0.377 
p.u. no-load voltage, the saturation factors do not show appreciable 
variation from the no-load values. This is due to the fact that the 
magnetic region of operation is low down the linear portions of the 
machine magnetisation characteristics. When short circuiting from 
normal flux levels, as in the case of 1.0 p.u. no-load voltage, each 
new saturation factor oscillates around a unidirectional component in 
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correspondence with the oscillating direct-axis flux. This 
unidirectional component, apart from an initial small drop, increases 
as time progresses. 
The initial drop in the values of the saturation factors is due to the 
increase of the pole leakage flux at the beginning of the srort circuit 
which is higher than the decrease of the main flux. As time 
progresses, the decrease of tile main flux becomes the dominant factor 
and the saturation factors therefore increase. If the effect of the 
pole leakage flux is not properly considered, as is done in the 
conventional saturation method, the saturation factor increases rapidly 
at the beginning of short circuit and then oscillates around a slightly 
increasing average value as shown in Fig 5.21. 
The behaviour of the direct-axis leakage saturation factors under short 
circui t conditions is shown in Figures 5.22 and 5.23. The new 
saturation factor for the field leakage reactance behaves similarly to 
the main saturation factors with a larger initial drop. If the field 
leakage reactance is considered unsaturated, this will be a source of 
significant error even under short circuit conditions. The' saturation 
effect on the armature leakage reactance is negligible at no-load and 
becomes more negligible during the short circuit. 
From the above discussion, it can be concluded that under transient 
short circuit conditions from normal flux levels, use of a constant 
value for each saturation factor will be misleading, and it is 
necessary to update the saturation factors at each step of integration 
of accurate calculations. 
The behaviour of the quadrature-axis saturation factors under short 
circui t conditions is shown in Figures 5.24-5.27. It is obvious from 
these figures that saturation has negligible effect on the quadrature-
axis reactances as the flux in this axis is small. 
A useful piece of information to be considered is the computation time 
taken to predict a transient performance using the three different 
states of parameters. A comparison between the computation time when 
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using these three states is given in Table 5.1 for the two cases of 
short circuiting for five cycles. It can be seen that slightly less 
computation time is taken during the simulation using the accurate 
saturation factors compared with that taken when the conventional 
method is used. The use of the unsaturated parameters results in 
approximately eighty per-cent reduction in computation time at the 
expense of accurac-.i. 
When the new saturation factors are used with the consideration of 
mutual saturation effects beuveen the two axes fluxes, the predicted 
results have been slightly improved as shown in Figures 5.28 and 5.29. 
The effect of this mutual saturation on the direct-axis saturation 
factors is shown in Figures 5.30 and 5.31. Consideration of the pole 
tips reluctances, where direct- and quadrature-axis fluxes flow, led to 
more dips on the predicted field leakage reactance saturation factor. 
Also, the rotor leakage flux was reduced and hence the rotor reluctance 
which led to slightly higher main saturation factors. 
5.5.3 Transient Short Circuit Results Using the one E'quivalent Damper 
Coil 
The equivalent circuit utilizing one equivalent damper coil on each 
axis has been used to predict the short circuit currents of the machine 
under investigation. To evaluate the degree of accuracy of these 
equivalent damper coils, the results using the new saturation factors 
are compared with those obtained using the multi-damper circuits. 
The predicted field currents are shown in Figures 5.32 and 5.33. It 
can be seen that very little discrepancies appear between the two 
predicted currents. Accurate information about individual bar 
currents cannot be obtained directly from the one equivalent damper 
coil. Only direct- and quadrature-axis equivalent damper Cl.lIrents can 
be obtained. These are shown in Figure 5.34 for one of the short 
circui t cases. Approximate bar currents can be obtained in terms of 
these equivalent currents with the aid of equations 2.6 and 2.11. 
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'!he great advantage of using the one equivalent damper coil circuits is 
the significant reduction in the computation time. Table 5.2 shows 
that a reduction of approximately 40% occurs in the case of the machine 
under investigatio~ 
The one equivalent damper coil circuit is recommended to model the 
synchronous machine when multi-machine systems are studied provided 
that the accurate calculation of the individual damper bar currents is 
not important. For other conditions, where the damper circuit plays a 
more effective role, such as asynchronous running and unbalanced 
loading conditions of a generator,or starting and dynamic loading 
conditions of a synchronous motor specially when fed from a supply 
which contains some voltage harmonics, the multi-damper equivalent 
circuit is expected to give more accurate and reliable results. Some 
of these conditions give rise to negative sequence airgap fluxes which 
invalidate the assumption of a sinusoidal space distribution of the bar 
currents on which the one lumped damper circuit is based. Also, the 
multi-damper circuits, permitting a detailed calculation of individual 
damper bar currents, is more helpful to the designer engineer. 
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TABLE 5.1: Computation time taken to simulate short circuit 
conditions for seven cycles using multi-damper 
equivalent circuit 
----- Condi tion studied--
State _______ 
of parameters _______ 
Unsaturated parameters 
Conventional saturation 
factor 
New saturation factor 
._--------_._---y-----------.., 
S.c. from 0.377 p.u. S.C. from 1.0 p.u. 
no-load voltage no-load voltage 
.-.----.--------t------------+ 
12 sec 12 sec 
Y9 sec 97 sec 
95 sec 91 sec 
------------~----------_l 
TABLE 5.2: Comparison of computation time for seven cycles using the 
new saturation factors 
,..---------_._----
ondition studied 
Circuit 
used 
Multi-damper circuit 
One equivalent 
circuit 
·-·-·---·--····-·-··-··-----,-----------1 
s.C. from 0.377 p.u. S.C. from 1.0 p.u. 
no-load voltage no-load voltage 
95 sec 91 sec 
49 sec 48 sec 
'-____________ .. __ -_._---_._--_._------+-------------1 
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COMPUTE STEIIDY STIITE VIILUF:5 USING 
Utl~;IITUHIITED PIIRIIMF:TEHS 
SET UP SIITUHIITED PI\RI\METERS USING 
SUBROUTINE "SATP" 
COMPUTE STEI\DY STI\TE VALUES 
USING SATURI\TED PARAMETERS 
NO 
THANSFORM FROM d-q TO PHI'ISE VALUES 
INITIAL LOAD IMPEDANCE 
SET UP SIITURATED MlICIIINE EQUATIONS 
NEW LOAD IMPEDANCE 
COMPUTE /'J\CH INF: QUANTITIES USING RUNGE-
KU'fTl\-nF:RSON INTEGRJ\TION PROCEDURE 
TllJ\NSFOJU.1 FRO'~ d-q TO PHJ\SE VJ\LUES 
UPDfI,TE SJ\TURI\TED PJ\RI\7.,ETSHS 
rIo 
Fiq. 5.1: 1"101-,',:11.11-1 for 1 Ill' p(~rf()n!l.lIlc(' program 
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INPUT NEW f:flLClJlJ\'l'EIJ ClJHRENTS 
SET Aq, ~ O. J ~ 0 
,Fe 
CALCULATE AX 1 S Tm'AL AHI'EHE TUHNS. AT 
W; I Ne; NI';W ClJHHENT~; AND OLD SATUIV\TEI> 
MIJTIJAL HEAr:TANCE~;. CALCUIJ\TE ATHGAP FLUX 
(:( Jr1I'ONl':r 1'1':; • 
SET A VALIJE FOil A,t> 
ACCOIWING TO AAT 'JF,' 
WRITE 'SATP 
NON CONVERGENT 
(I" INC llEWI'ON-HAPII:;ON 
METIIOI> 
CALCULATE STATOH AND HO'I'OE LEAKl\GE FLUXES AND 
COHHESPONIlING LEAKAGE FLUX COEFFICIENTS 
CA LCUI.ATE ~;TATOH liND HOTOI{ TOTIIL FLUXES AND 
COlmE;~I'ONDl Nt; HEI.UC'J'IINCES 
CALCUIJ\TI·; :;ATIJHIIT lOll FIICTORS 
CAI/~IJIJ\TE :;A'I'IJHATED ~lIJTIJAL HEIIC'I'flNCES 
No 
CIILCULIIT CUHHEN'I'S USING <l><jFC AND NEW SIITURATED 
MUTUAL REACTANCES. THEN AXIS 'rOTA!. AMPERE-
Fig. 5.2: 
, PNS AT' 
No 
ell I I:ULATE 111.1. THE SATUI{l\TED HEACTANCES 
Flow chart of subroutine SATP 
Note: bAT = AT'-AT 
ITRN = 0 for steady state; 
1 for dyna!hic 
conditions 
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aIAPI'ER 6 
DYN1\MIC RE'ACl'Mrn a::K:EPl' IN tm'-LINEAR MDELLIN:7 
OF SYK.l-IRO-UJS GENERA'IDRS 
The transformer voltage term in the mathematical model presented in 
Chapter 5, which is calculated conventionally using the static 
saturated reactancesl ,4,6,7 involves some error. As the saturated 
reactances are current dependent, the transformer vol tages should be 
calculated from the time derivative of the reactance-current products 
rather than from the reactances times the rate of change of the 
currents. 
Brandwajn3 recognised this fact and avoided the error by choosing the 
axes flux components as the state space variables. The transformer 
voltages in all the machine coils were calculated directly using the 
time rate of change of the saturated flux components. The effect of 
saturation was considered through the approximate method based on the 
open circuit characteristic. Some authors28- 3l analysed current 
transformers, induction motors and transductors using an incremental 
magnetising inductance to calculate the transformer voltages in models 
which use the currents as state space variables. All the previous 
authors used the conventional open circuit characteristic to account 
for the electromagnetic non-linearity. However, as concluded in 
Chapter 5, the open circuit characteristic does not properly represent 
the saturation effects in all the machine operating conditions. 
In this chapter, a method for calculating the transformer voltages 
correctly in the dqo reference frame models using the currents as state 
space variables is presented. 
6.1 NEW DYNAMIC MATHEMATICAL M)DEL 
The voltage equations used to simUlate the performance of a generalised 
machine are given in matrix form as 
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[v] = [R][i] + 8[~][i] + p{[Xs] [i]} (6.1) 
For a three phase synchronous machine, the [R], [G] and [X] matrices 
take the form given in Appendix A .4. The first and second terms of 
the above equation represent the resistive voltage and the rotational 
voltage components respectively, while the third term represents the 
transformer voltage component. 
For a saturated machine the elements of the [Gs ] and [Xs ] matrices 
should be updated step by step during the numerical soluticn process. 
The method used by previous authorsl ,4,6, 7, and adopted in Chapter 5, 
calculated the transformer voltage term by using the updated elements 
of the [Xs ] matrix times the rate of change of the current vector, 
which is strictly not correct, i.e. 
as [Xs ] is dependent on [i]. It may be noted that under certain 
conditions of loading of a synchronous machine resulting in a low 
saturation level, e.g. transient short circuit, the error introduced by 
using the right-hand side of equation 6.2 to calculate the transformer 
vol tage component is small and can therefore be neglected. However, 
under other conditions of loading the error becomes large and cannot be 
neglected. '!his error can be removed by replacing the static reactance 
matrix [XS] by a dynamic reactance matrix [X*] such that 
p{[Xs][i]} = [X*]p[i] (6.3) 
The elements of [X*] will be derived in the next secticn. 
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6.2 ELEMENTS OF THE DYNAMIC REAcrANCE MATRIX 
Consider an Nth order matrix equation relating the flux linkages to the 
currents as fOllOWs1 : 
The j th equation of the above relation may be written as 
N 
Wj = I xjm ~ 
m=l 
(6.4) 
(6.5) 
The derivative of this equation with respect to normalised time is 
given by 
N 
s 
PWj = I P (Xjrn ~) 
ITFl 
s 
N N s ai ax. 
I L ( m. Jm) = Xjrn dl""" + ~ ~
m=l n=l n n 
It may be noted that in the above equation 
di 
m 
dl = 0 
n 
= 1 
if n 'I rn 
if n = rn 
P~ (6.6) 
(6.7) 
For any n = w say, the coefficient of piw in equation 6.6 which is the 
reactance term is given by 
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(6.8) 
With the aid of equation 6. 7, equation 6.8 may be rewritten as 
S 
N dX. 
* S \'. Jm Xjw = Xjw + L J,n ~
m=l w 
(6.9) 
where i"jw is the dynamic reactance, and xjw"iS the static reactance. 
The dynamic reactance element differs from the corresponding static 
reactance element by additional terms as shown in equation 6.9. 
6.2.1 A Non-Zero Element; Dynamic Reactance Matrix 
The static reactance matrix, like the unsaturated matrix, has a zero 
value for those elements representing mutual reactances between direct-
and quadrature-axis coils. The static reactance matrix given in 
Appendix A.4 may be written in general form as 
(6.10) 
where [XOs),[XQs ]" ~e. the direct- and quadrature-axis static reactance 
submatrices respectively. 
When mutual saturation effects between the direct- and quadrature-axis 
fluxes are considered, any saturated reactance will be a function of 
all the direct- and quadrature-axis currents. Therefore, the summation 
tenn, 
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in equation 6.9 will give a non-zero value to all the elements of the 
dynamic reactance matrix even if xJ w is zero. A general form for the 
dynamic reactance matrix will be 
[X*] = 
r XD* ! XDQ*I 
t---------i---------y" 
I XQD* I XQ* I 
(6.11) 
Both [XD* ] and [XQ* ] are the direct- and quadrature- axis dynamic reactance 
submatrices whose elements are given by equation 6.9. [xnQ*]and[XQD*] 
are new dynamic reactance submatrices representing mutual reactances 
between the direct- and quadrature-axis coils. The elements of these 
submatrices are given by equation 6.9, bearing in mind that xjw is 
zero, thus 
s 
* 
N ax. \'. Jm Xjw = L lut ar-
m=l w 
(6.12) 
The non-zero elements matrix obtained agrees with the findings of other 
authors30,70 wtp analysed the performance of induction and . reluctance 
motors considering the mutual saturation effects between the two axes 
fluxes. 
When the mutual saturation effcts between the two axes fluxes are 
neglected, both [XDQ* ] and [XQD* )become zeroes and the general form of the 
dynamic reactance matrix will be similar to that of the static and 
unsaturated matrices. 
6.3 CALOJLATION OF THE ELEMENTS OF THE DYNAMIC REACTANCE MATRIX 
To calculate Xj*w, partial current derivatives of static saturated 
reactances should be carried out. Since the static saturated 
reactances are related to the unsaturated reactances through the 
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saturation factors by 
(6.13) 
this implies partial derivatives of the saturation factors. For simple 
saturation factors based on the open circuit characteristic3,7,18, 
calculation of these derivatives is relatively simple. However, for 
more accurate saturation factors, where mutual saturation effects 
between the main and leakage fluxes and between the direct- and 
quadrature-axis fluxes are considered, calculation of these derivatives 
is more complicated. 
For studies concerning electrical machines, it is mathematically 
convenient to separate the reactances due to main fluxes from t}x)se due 
to leakage fluxes. This separation will be adhered to in the 
derivation of the reactance derivatives. 
6.3.1 Analytical Derivation of the Main Reactances Current Derivatives 
The saturated main reactances may be accurately represented as 
functions of the machine main flux and current components1,29. Thus, 
s the partial current derivative of the main reactance,Xjm' may be 
calculated from 
where 
a~ 
Jill 
di 
w 
N 
I 
n=l 
dX~ 
Jill 
d</>. 
In /I, c:; __ + 
--mn di mn 
w 
dll . 
= --= x. -Jill JffiU d</>. d</>. In In 
all variables, except 
~. I are held constant In 
(6.14) 
(6.15) 
and 
s 
ax. a~. 
_ Jill _ Jill L\nn - ar- - Xjrnu ar-
w w 
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all variables, except 
i , are held constant 
w 
(6.16) 
The above partial derivatives of the saturation factors with respect to 
the fluxes and currents can be obtained once the saturation factor 
formula is defined. 
Expressed in per unit quantities 
ax~ ai 
= i, ~ + x· -.!!. 
n ai In ai (6.17) 
w w 
With the aid of equation 6.17, and applying the note given by equation 
6.7, equation 6.14 becomes 
s ax. s N 
~ = ~ x· + '\ 
ax~ 
( G i~) + fjrnw (6.18) 
ai 111W JW L 
w n=l mn n ai w 
Rearranging the tenns in the above equation 
(%m ~ - 1) 
s ax. 
Jill 
--+ 
ai 
w 
N ax!? Jn s I ~ ~ ar- = - ~ Xjw - fjrnw 
nl-m w 
n=l (6.19) 
By variation of m from 1 to N, the following matrix equation in N 
unknown reactance derivatives is obtained 
a~ 
[yJ [ar] = [a] (6.20) 
W 
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where [y] is an NxN matrix whose elements are given by 
for n ~ m 
= ~ ~ - 1 for n = m 
[a] is an Nxl matrix whose elements are given by 
S 
am = - <k,., Xjw - t:, mw 
and 
ax,S a~l ax,~ 
f-1,J] = f~ -1.: d 'eli' a' , 
w w lW 
.... , 
S 
aXj~T 
ai 
w 
(6.21) 
(6.22) 
(6.23) 
Equation 6.20 can now be solved to obtain the jth row inductance 
derivatives with respect to a current iw- By varying w from 1 to N, 
these derivatives with respect to all the currents can be calculated. 
The complete set of current partial derivatives of the static saturated 
reactance matrix are then obtained by varying j from 1 to N. 
6.3.2 Analytical Derivation of the Leakage Reactances Current 
Derivatives 
For accurate calculation of the saturated leakage reactances, the 
effect of the iron paths, which are common to both leakage and main 
fluxes, should be considered as discussed in Chapter 4. Thus, the 
saturated leakage reactances may be represented accurately as functions 
of the machine main flux and current components. The following 
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equation, then, can be written: 
where 
and 
aX~1 ~ a~, 
--.l!= L g' ~+o, 
ai n=l In ai JW 
w w 
s 
aX'1 aJ-l'1 
g' = ~ = x'l ~ In a¢, J u a¢, 
In In 
all variables, except 
¢' , are held constant In 
all variables, except 
i , are held constant 
w 
(6.24) 
(6.25) 
(6.26) 
With the aid of equation 6.17, and applying the note given by equation 
6.7, equation 6.24 becomes 
If w varies from 1 to N the follOWing matrix equation is obtained 
s 
aX' 1 [-ll] = [S] [g] + [0] 
at 
(6.27) 
(6.28) 
s 
aX' 1 where [-.----l:!:-] 
ai 
derivatives. 
is an Nxl matrix whose elements are the required 
[S] is an NxN matrix whose elements are given by 
dX~ 
S • JW 
= Xjw + ~ ar--
w 
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for n =I w 
for n = w 
where the element g jw is given by equation 6.25 replacing n by w. 
[0 ] 
where the element 0 jw is given by equation 6.26. 
(6.29) 
(6.30) 
(6.31) 
The complete set of current partial derivatives of the static saturated 
leakage reactances are obtained by varying j from 1 to N. 
6.3.3 Numerical Method for the calculation of the Reactances Current 
Derivatives 
A less accurate method for the calculation of the reactances current 
derivatives is to use numerical methods rather than analytical methods. 
The idea is described in the following steps: 
i) At a certain condtion of a known machine current vector, 
[iI' i 2 , ... , i w' ... , iN]T, the static saturated reactances are 
calculated as explained in Chapter 4. 
ii) An increment fj iw is assumed in a current iw while the others are 
held constant. 
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iii) The static saturated reactances are recalculated for the modified 
set of currents. 
iv) The partial current derivatives for a main reactance, Xj~' and a 
s leakage reactance, Xjl' are calculated using the simple 
difference equation6l as follows: 
ax ~ f:.,x ~ Jm _ Jm 
--ar- - 1;"1 
w w 
s s 
aX'l t;x'l J - J ar- -lIr-
w w 
(6.32) 
(6.33) 
s 
where lIXjm is the difference between the recalculated main 
s 
reactance and the original one, and lIXjl is also that difference 
for the leakage reactance. 
It should be mentioned that the accuracy of the method is dependent 
upon the value of the increment change in the current, lIiw. The 
results therefore, are very sensitive to the choice of II iW' and in some 
cases numerical instability may occur. 
6.4 APPLICATION OF DYNAMIC REAcrANCE (ONCEPI' 'IO SALIENT-POLE 
SYNOffiOl'OlS GENERA'IORS 
The dynamic reactance concept will be applied to salient-pole 
synchronous generators using the following numbering system. The 
direct-axis armature, field and damper circuits reactance suffices will 
be replaced by 1, 2, 3, ..• , Nd and the quadrature-axis armature and 
damper circuits reactance suffices by Nd+l, Nd+2, ••• , Nd+Nq, wher Nd 
and Nq are the number of direct- and quadrature-axis circuits 
respectively. 
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6.4.1 Static Reactance Matrix 
The static reactance matrix may be split into main and leakage 
reactance matrices as follows: 
(6.34) 
The elements of the main and leakage reactance matrices are given in 
Appendix A.5. It is mathematically convenient to write these two 
matrices in the following subnatrices form: 
[~] = 
[X~ = 
9; 
o 
o 
MJS 
o 1 
- j 
LQs I 
J 
(6.35) 
(6.36) 
For salient-pole machines, the following two assumptions will be made: 
i) saturation is considered effective in the direct-axis and 
negligible in the quadrature-axis, so that it will be considered 
statically only in this axis 
ii) mutual saturation effects between direct- and quadrature-axis 
fluxes is negligible. 
These assumptions are acceptable under normal loading conditions, and 
will help in simplifying the calculations required concerning the 
dynamiC reactance concept. According to the above assumptions, only 
the elements of the upper submatrices will be affected by saturatiaL 
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These elements are calculated using the appropriate saturation factors 
given in Chapter 4. These saturation factors can be expressed in 
generalised forms using the previous numbering system. Appendices A.6 
andA.7 give these generalised expressions. 
6.4.2 Dynamic Reactance matrix 
The dynamic reactance matrix can be split into main and leakage 
reactance matrices as follows: 
[X*] = [~] + [X~~ (6.37 
The main and leakage reactance matrices can in turn be written in the 
following submatrices form: 
MD* 0 
* [Xr.1] = -- 1 ._.- (6.38) l 0 MJ* 
[ 
LD* 0 1 
I [x,t] , (6.39) = -I 
J 
0 LQ* 
As saturation is negligible in the quadrature-axis, the lower right 
hand submatrices of equations 638 and 6.39 are equal to the 
corresponding submatrices in equations 6.35 and 6.36 i.e. 
[MJ*] = [MJ] (6.40) 
[LQ*] = [LOl (6.41) 
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The elements of the submatrices [MD*] and [LD*] can be calculated 
directly by applying the method given in Section 6.2 The elements of 
[a], [y], [6], [g] arid [0] matrices are calculated as given in 
Appendices A;7, A.8, A.9, A.IO. 
6.5 M)DELLIl'G AND SIMULATION OF A RmJLATED SYNOIR<N:X.JS GENERATOR 
SYSTEM 
The system studied (Figure 6.1) consists of an isolated three-phase 
alternator excited via a static excitation circuit and feeding a 
balanced load The excitation system is a thyristor cx:nverter supplied 
separately from an external three-phase source. A feedback control 
signal is taken directly from the alternator output voltage, rectified, 
smoothed and then compared with a reference voltage. The resulting 
error signal controls the thyristor firing angle and thus the field 
voltage. 
6.5.1 M:XJ.elling and Simulation of the Synchronous Generator 
Introducing the dynamic reactance concept, the mathematical model of 
the alternator is written in the state space fonn as: 
p[i] = [x*]-l {[v] - ([R] + 8[Gs ])[i]) (6.42) 
The al ternator performance program described in Chapter 5 has been 
modified to apply the dynamic reactance concept. starting from a kIx>wn 
set of currents the elements of the static [Xs ] and [c;5] matrices are 
calculated using the subroutine SATP. The elements of the dynamic 
reactance [X*] are then generated from [Xs ] and [i] using either of the 
subroutines DYNMA or DYNMN. The first subroutine calculates the 
partial current derivatives of the static reactances analytically, 
while the second subroutine calculates them numerically. EqUation 6.42 
is integrated, using the fifth order Merson-Runge-Kutta numerical 
method6l, to obtain a new set of currents. These currents are used to 
update the [Xs ], [c;5] and [X*] matrices for the next step. 
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6.5.2 MOdelling and Simulation of the Excitation System 
The excitation control system is modelled as Type IS continuously 
acting regulator and exciter33,34 as shown in Figure 6.2. The per-unit 
system used in this representation33,34 differs from that used for the 
machine model. The difference in bases is accounted for in the 
computer simulation by a level change between ef and v f' 
The equatic:ns simulating the excitation system can be written in the 
follOwng state space form: 
[a] = [B][e] + [C] (6.43) 
where [e] is the state space vector, and is given by 
(6.44) 
The elements of the [B] and [C] matrices are given in Appendix A.IO. 
For a given machine terminal voltage, VT, the modified Euler numerical 
integration method61 is used to calculate the [e] vector which, in 
tu:rn, is used to determine the alternator field voltage for the next 
integration step. The field voltage, ef, is related to ~ as follows: 
(6.45) 
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6.6 RESULTS AND DISCUSSION 
A system consisting of the 494 KVA machine, whose ratings and 
specfications are given in Table 2.1, and a lOOV, lOOA direct thyristor 
excitation system, wrose parameters are given in Table 6.1, was used to 
verify the dynamic reactance concept. Some results have been obtained 
for sudden application and rejection of 1.0 p.u. zero power factor 
loads. These loading conditions are characterised by high saturation 
levels. 
For the sake of canparison, the following three rrodels have been used: 
a) the unsaturated nodel 
b) the model which uses the static reactances to calculate both the 
rotational and transformer voltages 
c) the new model using the static reactances to calculate the 
rotational voltages, and the dynamic reactances to calculate the 
transformer voltages. 
Load rejection has been simulated by replacing the initial load 
impedance by a very high reactance. The arc action is neglected and 
the constant flux linkage theorem 1 has been applied to calculate the 
generator currents just after the load rej ection. 
The two metb::lds for calculating the partial current derivatives of the 
static reactances, which are necessary to calculate the dynamic 
reactances, have been tried. The analytical method has proved its 
validity while the numerical method has led to unrealistic negative 
values for the dynamic reactances resulting in numerical instability 
models. Therefore, the rigorous analytical method will be used to 
calculate the dynamic reactances for model (c) above. 
The predicted terminal voltages using the above three models are 
compared with the test results in Figures 6.3 and 6.4. The figures srow 
close agreement between the measurements and the predicted results 
using the dynamic reactance model. The results obtained using the 
128 
static reactance model differ clearly from the test results and the 
recovery time is even longer than that obtained neglecting saturation. 
The predicted field current using the three models is shown in Figures 
6.5 and 6.6. The results show that the field current is greatly 
influenced by the method of calculation of the transformer voltages. 
The behaviour of the field voltage due to the automatic voltage 
regulator action is shown in Figures 6.7 and 6.8. The predicted 
response of the automatic voltage regulator differs acoording to the 
different input terminal voltage signals resulting from the above three 
m:xiels. 
Table 6.2 summarises the predicted and measured voltage response 
resul ts. For sudden load rej ection, the predicted vol tage overshoot 
and recovery time obtained using the new dynamic reactance model agree 
closely with the measured values. The other two models give recovery 
times which differ widely from the actual value. For sudden load 
application, the dynamic model gives good results compared with the 
static reactance model. The discrepancies between the dynamic model 
and the test results IX>ticed in this case may be due to neglecting the 
saturation effects of the pole tips reluctances on the field leakage 
reactance which is more proIX>unced in load application oonditian than 
load rejection. 
The behaviour of the dynamic reactances compared with that of the 
static reactances is shown in Figures 6.9-6.12 for both loading 
conditions. Figures 6.9 and 6.11 show the behaviour of the mutual 
reactance between the armature and the field as an example of the 
behaviour of the main reactances, while Figures 6.10 and 6.12 show the 
behaviour of the field leakage reactance as it is the only leakage 
reactance which is clearly affected by saturation. Investigation of 
the figures shows that there are considerable differences in magnitude 
between the static and the dynamic reactances, and that significant 
errors should result if static instead of dynamic reactances are used 
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The transient perfonuance of the machine when the nominal 1.0 p.u., 0.8 
power factor load is suddenly applied and rejected has also been 
predicted. The results obtained for the terminal voltage response 
using the previously mentioned models are shown in Figures 6.13 and 
6.14 together with the test results. Al though the magnitudes of the 
vol tage dip and rise predicted by the three different models are 
approximately equal, the predicted recovery times for the static 
reactance model are considerably longer than those for the dynamic 
reactance model, as shown in Table 6.3. 
In conclusion, the previous results show that when considering the 
saturation effects in machine modelling, the saturable reactances 
should be treated in two different ways according to the voltage tenus 
in which they will be used. In dqo reference frame models, static 
reactances are used in the rotational voltage terms, and dynamic 
reactances are used in the transformer voltage terms. Models which use 
static reactances or unsaturated reactances in both voltage terms give 
noticeable errors in the predicted performance. In some dynamic 
conditions such as symmetrical short circuiting from normal conditions, 
where the magnetic operating point quickly descends down into the 
linear region, the conventional static model could be used as the 
result:ln] errors will be small. 
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TABLE 6.1: Parameters of the excitation control system of nominal 
rating 100V, 100A. 
r---
Parameter Value 
TR 0.023 sec 
K A 700 sec 
TA 0.220 sec 
KF 0.016 sec 
TF 0.180 sec 
E fmax 19.9 p.u. 
Ef . 0.0 p.u. m~n 
TABLE 6.2: Voltage response for sudden application and removal of 
1.0 p.u. zero power factor load 
Condition Load On Load Off 
Voltage Recovery Voltage Recovery 
Dip Time* Rise, Time* 
Model p.u. m.sec p.u. m.sec 
, 
Test results 0.22 250 0.23 400 
Unsaturated 0.22 
model 280 0.26 
680 
Static 
reactances 0.23 430 0.22 790 
model 
Dynamic 
reactances 0.24 290 0.23 385 
model 
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TABLE 6.3: Voltage response for sudden application and removal 
of 1.0 pu 0.8 power factor load 
Condition Load On Load Off 
Voltage Recovery Voltage Recovery 
Dip Time* Rise Time* 
Model p.u. m.sec p.u. m.sec 
-
Test results 0.14 245 0.16 285 
Unsaturated 0.14 260 0.17 445 
model 
Static 
reactances 0.14 380 0.15 475 
model 
Dynamic 
reactances 0.14 250 0.16 280 
model 
-----.. -
* Recovery to 0.975 p.u. voltage for load on and 1.025 p.u. voltage 
for load off 
V 
Re ference 
input 
Voltage 
feedback 
signal 
External 3-phase 
supply 
Excitation 
control 
system 
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Fig. 6.1: Schematic diagram of the system studied 
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Fig. 6.3: Terminal voltage response at sudden application of a balanced zero 
power factor full load for the 494 KVA alternator 
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Fig. 6.4: Terminal voltage response at sudden rejection of a balanced 
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Fig. 6.6: Behaviour of the field current at sudden removal of a 
balanced zero power factor full load 
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Fig_ 6.7: Behaviour of the field voltage at sudden application of a 
balanced zero :>ower factor full load 
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Fig. 6.8: Behaviour of the field voltage at sudden removal of a 
balanced zero power factor full load 
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Fig. 6.9: Behaviour of armature-field mutual reactance at sudden 
application of a balanced zero power factor full load 
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Fig. 6.10: Behaviour of field leakage reactance at sudden application 
of a balanced zero power factor full load 
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Fig. 6.11: Behaviour of armature-field mutual reactance at sudden removal 
of a balanced zero power factor full load 
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Fig. 6.12: Behaviour of field leakage reactance at sudden r~moval of 
a balanced zero power factor full load 
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Fig. 6.13: Terminal voltage response at sudden application of a balanced 
0.8 power factor full load at constant speed 
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Fig. 6.14: Terminal voltage response at sudden removal of a balanced 
0.8 power factor full load at constant speed 
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D~ PHASE MDELLJN; OF SYOO1RCN.:XJS GENERA'IDRS 
The dqo reference frame models of synchronous generators are not capable 
of simulatin] some conditions such as unbalanced and rectifier loading 
conditions with ease35,36. Some unbalanced loading conditions, such as 
asymmetrical faults, have been analysed using symmetrical components and 
superposition approachesl . This method has the disadvantages of the 
lack of a unique negative sequence machine reactance, and that the 
supel:pOSition theorem is valid only for linear models. Some faults have 
been treated by setting some relations between the axes quantities 
according to the type of faul t 39 • The disadvantage of this method is 
that there is no one general mathematical model applicable to all 
loading conditions. Also, the dqo models are based on some simplifying 
assumptions1 which make it difficult to include the higher harmonics 
present in the real machine. 
A more accurate solution to a wider range of problems is possible with a 
direct phase model. In this case various loading conditions, such as 
symmetrical, asymmetrical faults and rectifier loads, can be easily 
simulated. Figure 7.1 shows the idealisedl synchronous machine with two 
equiv~ent damper coils. 
7.1 GENERAL MA'lHEMATlCAL MDEL OF A SYOO1RCN.:XJS GENERA'IOR 
In direct phase quanti ties, the performance of a synchronous generator 
connected to an isolated load can be described by the voltage equations 
for the three armature phases, the field and the two equivalent damper 
coils. The position of the rotor at any instant is specified with 
reference to the axis of phase 'a' by the angle 8 (see Figure 7.1). In 
terms of flux linkages, voltage relationships for the six stator and 
rotor circuits are 
[v] = [R][i] + p[~] (7.1) 
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where 
[v] = [va' vb' vC' vf' 0, O]T (7.2) 
[I/i] = [,pa' ,pb' ,pc' lj!f, lj!kd' lj!kq]T (7.3) 
[R] = diagonal [ra , r a , r a , rf, rkd' rkq] (7.4) 
[i] = [ia , i b , i c ' if' i kd, . ]T lkq (7.5) 
When the machine supplies a 4-wire isolated load of the static type, the 
machine terminal vol tages Va' vb' v c can be expressed in terms of the 
load impedances as follOWS: 
(7.6) 
The flux linkage relationships of a synchronous generator can be 
expressed in symbolic form as1,35,36: 
[lj!] = [X] [i] (7.7) 
where [X] is the machine reactance matrix which is a function of the 
rotor position, a, and the prevailing saturation condition. in the 
machine. The general form of the reactance matrix is 
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Xa(e) xab(8) Xao( e) xaf(e) xakd(e) Xakq(8 ) 
Xoo(S) xb(8) xbc(e) xbf(8) xbkd(e) xbkq(S) 
Xca(8) xcb(e) xc (8) xcf(8 ) xckd(8) xckq(S) 
[X] = (7.8) 
xta(S) xfb( e) xfc( 8) xf xfkd 0 
xkda(8) ~(8) xkdc(e) xkdf xkd 0 
Xkqa(8 ) Xkqb(e) xkqc(e) 0 0 xkq 
A general mathematical model of the machine, using the currents as state 
space variables, can be developed by substituting for [1/1] from equation 
7.7 into equation 7.1 so that 
[vJ = [R][i] + p {[X][i]} 
* . * = [R][i] + [X ]p[i] + erG ][i] (7.9) 
[x*] is the transformer voltage term matrix, which is also a function of 
the rotor position, 8, and the prevailing saturation condition of the 
machine. Its general form is 
I X~( 8) 
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i 
* * * * j xbc(8) xbf(8) xbkd(8) Xbkq(8) I 
I 
I 
* ! xckq(e) j 
* Xfkq 
X* kq 
I 
j 
i 
i 
I 
J 
(7.10) 
[G*] is the rotational voltage term matrix, which again is a function of 
the rotor position, e, and the prevailing saturation condition of the 
machine. Its general fonn is 
(7.11) 
o o 
o o 
o o 
7.2 LINFAR MA.'ffiEMATlCAL MDEL OF A SYNCHRCN:lJS GENERA'IDR 
When saturation in the machine is neglected, the reactance matrix, [X] , 
will be a function of the rotor position only, and will be referred to 
by [Xu]. Neglecting the third and higher space harmonic terms of the 
reactances, the extended form of this unsaturated reactance matrix1, 
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will be as given in Figure 7.2. The coefficients of the reactances, 
A~, A~ , A~f ' ... , given in Figure 7.2 are constant.s independent of 
the machine currents and fluxes. These coefficients can be expressed1,42 
as functions of the unsaturated reactances of the dqo reference frame 
model as given in Appendix A ,.11. 
A linear mathematical model of the machine, using the currents as state 
space variables, can be developed by substituting for [tjJ] from equation 
7.7 into equation 7.1 so that 
[v] = [R][i] + p{[XU][i]} 
= [R][i] + [X"]p[i] + e{d~ [XU]}[i] (7.12) 
Comparing the last equation with equation 7.9, it can be seen that the 
transformer VOltage term matrix, [x*], of the linear model is [Xu], and 
its rotational voltage term matrix, [G*], is ~ [XU] = [GU]. Performing 
de 
the derivatives of the reactances with respect to e, the extended form 
of [GU] is obtained as shown in Figure 7.3. 
7.3 ,tOl-LINFAR M1\'mEMATlCAL M::DEL OF A SYN:lIR.(N:XJS GENERA'IDR 
For accurate modelling, the electromagnetic non-linearity effects should 
be considered. In this case, the reactance matrix [X] will be a 
function of the machine currents and fluxes, in addition to the rotor 
p::>Si tion, and will be referred to as the static reactance matrix [Xs ]. 
Neglecting the third and higher space harmonics, the extended form of 
this matrix will be as given in Figure 7.4. The coefficients of the 
reactances, A~, A~, A~f ' .. , given in Figure 7.4 are variable depending 
not only on the machine phase currents but also on the rotor p::>Si tion. 
Saturation factors for these coefficients as direct functions of the 
phase currents will be somewhat complicated as e will be involved in the 
ensuiIi.g formulae. As the unsaturated coefficients are already 
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expressed in terms of the dqo model unsaturated reactances, the 
saturated coefficients can be easily obtained from the dqo model 
saturated reactances using the general expressions given in Appendix 
A.11. In this respect, the following algorithm is used to determine 
the saturated coefficients of the phase reactances at known phase 
currents: 
i) The currents in the dqo reference frame are calculated using the 
phase/dqo current transformation1 
ii) The fluxes and corresponding reluctances are calculated in both 
the direct- and quadrature-axis as explained in Olapter 4 
iii) The saturation factors for the direct- and quadrature-axis machine 
reatances are calculated as explained in Chapter 4 
iv) The dqo model static saturated reactances are calculated as 
explained in Olapter 4 
v) The coefficients of the direct phase model static reactances are 
calculated in terms of the dqo model static saturated reactances. 
7.3.1 static ReactancesJ3ased Non-linear M:>del 
An approximate non-linear model, using the currents as state space 
variables, can be developed by substituting for [1jI] from equation 7.7 
into equation 7.1, so that 
[v] = [R][i] + p{[Xs] [i]} (7.13) 
NeglectinJ the derivatives of the coefficients of the reactances, with 
respect to currents or rotor position, the following static reactances 
based ron-linear model is obtained 
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[v] = [R] [i] + [Xs]p[i] + e s-:. [Xs ]} [i] (7.14) 
Comparing the last equation with equation 7.9, it can be seen that the 
transfonner voltage tenn matrix, [x*], ~f the present approximate model 
is [Xs ], and its rotational voltage tenn matrix, [G*], is : [Xs]=[Gs ]. 
Performing the derivatives of the reactances with respect to 8, the 
extended. fonn of [cf3] is obtained as shown in Figure 7.5. 
7.3.2 New pynarnic Reactances-Based Nonlinear Model 
For an accurate non-linear model, the rates of change of the 
coefficients of the reactances with respect to the currents and pesi tion 
should be included. Employing this will result in the introduction of 
dynamic reactance elements in the direct phase non-linear model. This 
accurate model will be derived by way of transformation from the dqo 
reference frame to the direct phase reference frame. 
The voltage equation of the machine in the dqo reference frame, 
utilising the dynamic reactance, is 
where suffix dqo means in the dqo reference frame. Substituting for 
[i]dqo in tenns of the phase currents vector [i] and the transfonnation 
matrix [C] 1, and multiplying roth sides of the last equation by [C]T, 
the following equation results: 
(7.16) 
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Substituting for [C]T[V]dqo by the phase voltage vector [v] 1, and 
expanding p{ [CHi]}, the following voltage equation of the machine in 
the direct phase reference frame is obtained: 
[v] * • * = [R][i] + [X ]p[i] + e[G ][i] (7.17) 
where [R] = j [C]T[R]dcjQ[C], is the nonnal phase resistance matrix 
* 2 T * d s [G ] = 3 [C] {[X ]dqo ae [C] + [G ]dqo[C]}, is the dynamic 
phase rotational voltage matrix. 
In the general case, when saturation in the direct- and quadrature-axis 
and mutual saturation effects between the two axes fluxes are 
considered, the [X*] and [G*] matrices will have the extended form shown 
in Figures 7.6 and 7.7 respectively. It may be noted that both of the 
matrices are no longer symmetrical, and while all the elements of the 
[X*] matrix have dynamic coeffiCients, the elements of the [G*] matrix 
have hybrid static and dynamic coefficients. The 'B' coefficients 
appearinJ in the [x*] and [G*] matrices are a result of consideration of 
the mutual saturation effects between the two axes fluxes. 
If these mutual saturation effects are neglected, which is normally the 
case with salienf..-pole machines, more simple [x*] and [G*] matrices will 
result, as the 'B' coefficients will disappear. 
KQ 
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OIAPI'ER 8 
MDELLlN3 OF AN ISOLATED SYN:lffiCN::xJS GENERA'IOR SYSTEM 
The system under study consists of an isolated salient-pole alternator, 
a brushless exciter controlled by an automatic voltage regulator and a 
diesel engine prime-mover with a speed governor. The brushless exciter 
is a 'normal salient-pole synchronous generator of a rated frequency 
higher than the main alternator frequency. Similar to the normal 
al ternators, the exciter has a 3-phase armature winding and a field 
coil but it is not fitted with a damper winding. Contrary to the 
normal alternators, the exciter poles are stationary while the armature 
is rotating on the same shaft of the poles of the main alternator. The 
3-phase winding of the exciter is star connected and supplies the main 
alternator field with the necessary DC voltage through a 3-phase bridge 
rectifier circuit. The diodes of the bridge circuit are mounted on 
the shaft, and thus rotate with the rotating terminals. This 
arrangement results in a system dispensing with brushes or rubbing 
contacts of any kind which means a practically maintenance-free system. 
The exciter field is supplied from the output of a thyristor divert 
automatic voltage regulator. This regulator utilizes a single phase 
bridge rectifier which is supplied by a compound voltage and current 
circui t from the main alternator terminals. To control the exciter 
field current, a thyristor in parallel with the field winding is used 
to divert part of the rectifier DC output current. 
The transfer function representation33 given by the IEEE Working Group 
on simUlation of the rotating rectifier exciter is very approximate, as 
it does rx:>t properly consider the armature current demagnetising effect 
or the voltage drop due to the rectifier regulation, and saturation 
effects are related to the output DC voltage only which is not true 
except for steady state no-load conditions. The recent 
representation34 given by the IEEE Working Group tries to consider the 
armature current demagnetising effect and the rectifier voltage 
regulation, but it neglects the armature induced transformer voltages 
caused by the time varying fluxes. The model still accounts for the 
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saturation approximately as a non-linear function of the exciter output 
voltage. 
Arx:>ther approach42 of analysis used the steady state phasor diagram to 
analyse the bnlshless exciter. '!he exciter is considered to be loaded 
only by the fundamental component of the rectifier current. Since the 
rate of change of the exciter load was considered to be slow compared 
with the exciter frequency, the approximate mathematical model of the 
synchronous generator which represents the machine'by a constant 
voltage behind a synchronous reactance1 was used to calculate the field 
current. This method does not give the complete solution of the 
exciter current and is restricted to analysis of exciters whose 
frequency is higher than the main alternator frequency. 
In the present study neither of the above models of the exciter will be 
used. An accurate model for the exciter may be achieved by modelling 
it as a synchronous generator using the direct phase reference frame 
models to comply with its rectifier loading nature. 
Both the alternator and exciter are driven by a diesel engine prime-
mover wh:>se speed is controlled by a speed governor. 
Simple transfer functions will be utilised to model the automatic 
voltage regulator, the diesel engine and its speed governor. 
Previous authors42, 74, 75 have modelled alternator systems for limited 
loading conditions which are associated with operation of the bridge 
rectifier in mode I and II only. In the present study the model will 
be extended to cover mode III and the complete isolation of the 
alternator from its brushless exciter. 
8.1 GENERAL CONSIDERATIONS 
A sdhematic diagram showing the various units of the system described 
above is shown in Figure 8.1. The model of the system will be 
developed based on the following considerations: 
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i) The synchronous generator is loaded by a 4-wire load system of 
the static type 
ii) The rotating rectifiers are ideal in the sense that they have 
zero forward impedance and infinite backward impedance. They act 
as a switch closed for the forward current and opened for the 
reverse current. 
iii)· Effect of saturation will be considered on both the main 
alternator and the exciter. 
iv) Hysteresis and eddy current effects are negligible. 
v) All possible modes of operation of the bridge rectifier circuit 
will be considered so that a wide range of loading conditions can 
be studied. 
vi) The system will be described by three sets of equations: one for 
the alternator and its exciter, the second for the thyristor 
divert automatic voltage regulator, and the third for the diesel 
engine and its speed governor. 
vii) The physical units (volt-amp-ohm) will be used for the 
al ternator-exci ter set of equations as no one common per-unit 
system is convenient. 
8.2 STE'ADY STATE MODELLING OF THE ALTERNA'IOR AND ITS BRUSHLESS EXCITER 
8.2.1 MOdelling of the Main Alternator 
For given steady state terminal conditions, V, I and {:Ower factor, the 
field current and voltage and the {:Ower angle are obtained using the 
steady state mathematical model in the dqo reference frame as explained 
in Section 5.1. Saturation effects are accounted for through the new 
saturation factors given in Chapter 4. 
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8.2.2 MOdelling of the Brushless Exciter 
a) Analysis of the rotating bridge rectifier 
If idealised diode operation is considered, the current transfer from 
one phase to the next occurs as soon as the vol tage generated in the 
second phase exceeds that in the first. Figure 8.2(a) shows an 
idealised circuit model of an exciter and Figures 8.2(b) and 8.2(c) 
show respectively the phase voltages and the corresponding armature 
currents with a 3-phase rectifier load and a completely smoothed load 
current. When the direct-axis is positioned between e = 300 and e= 90°, 
nhases a and b are conducting and the resultant mmf is shown in Figure 
8.3(b). When e = 90° diode commutation takes place, with phase c 
taking over from phase b between e = 90° and e = 150°. Phases a and c 
are now conducting and the resultant fixed mmf is shown in Figure 
8.3(c). The axis of the armature mmf thus jumps 60° each time diode 
commutation occurs and lags the direct-axis by 600 to 120°. The jumps 
in the armature mmf induces emf's in the field winding and damper 
windings if present. The sixth-harmonic ripple current seen in the 
field current of an exciter is due to this phenomenon. 
The idealising operation assumption is of course far from reality in a 
brushless generator situation, where the presence of a source reactance 
Xc prevents the instantaneous transfer of current from one rectifier to 
another, and the armature reaction will affect the value of the angle, 
e, at which commutation starts. 
During commutation, two rectifiers in one side of the bridge are 
conducting, and the resultant circuit topology is as shown in Figures 
8.4(a) and 8.4(b). The source in this case sees effectively a line to 
line sOOrt circuit. 
The voltage of a pair of short circuited rectifier terminals is the 
mean of the corresponding two phase voltages and the commutation is 
dependent an a reactance load factor RLF defined as7 
x 
c 
- Rd 
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(B.1) 
(B.2) 
where Xc is the source commutation reactance and Rd is the load 
resistance . 
The rectifier operates in three distinct modes71 depending on the value 
of RLF. The commutation angle fJ and the delay angle a, which are both 
dependent on the value of RLF, detenuine the mode of operation of the 
rectifier circuit. The effect of a and fJ is to reduce the output 
voltage by an amount Ed from its ideal value, Edy thus 
(B.3) 
The three modes of operation of the rectifier and the corresponding 
relationships between the commutation angle)1, delay angle a, rms 
vol tage behind commutation reactance, E, Ed' t, Ed etc are summarised in 
Table B.l. The wavefonus of the rectifier for operation in modes I, II 
and III are shown in Figures B.5(a), B.5(b) and B.5(c) respectively. 
The relationship between the AC phase current Ip (nus) and the DC load 
current Id in terms of a and )1 is 72 
where: 
f(a,ll) 1 
21T 
[sinl1[2+cos(11+2a)] - fJ[1+2 cos a cos(fJ+a)]] 
[cosa - cos(fJ+a)] 2 
(B.4) 
(B.5) 
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Fourier analysis of the exciter phase currents gives the fundamental 
frequency ccmponents as 
where: 
and 
hI = 1:. ;~ [cosa + cos (IJ + a)] 
1f 2 
h2 = 1:.; ~ [sin 2 ( Jl+a) - sina- 2 IJ] 
1f 2 2(cosa- COS(IJ+a)] 
(8.6) 
(8.7) 
(8.8) 
(8.9) 
The rms value of the fundamental component of the exciter phase 
current, II' is given by 
(8.10) 
The effective AC load p:Jwer factor angle cp is 
(8.11) 
The effective per phase AC vol tage E (rms) in terms of the DC voltage 
Ed is 
(8.12) 
where 
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h3 
'IT 2 M:x:'l.e I (S.13) = -1--
3/b 1 + COSjJ 
h3 = V2'IT M:x:'l.e II (S.14) 9 cos (a + 30) 
12 'IT h3 = ~~~~~~~~ 
9 C 1 - sin (jJ - 30)] M:x:'l.e III (S.15) 
The equivalent AC load impedance per phase as seen by the exciter is 
(S.16) 
If Z is represented as an equivalent series-connected resistance R and 
reactance X, then 
R=Zcos¢ (S.17) 
X = Z sin <jl (S.lS) 
b) Steady state analysis of the exciter 
The alternator field voltage, Vf , and current, If' are the DC load 
conditions which the exciter should supply steadily. Normal steady 
state operation of the brushless exciter is in the unsaturated region 
down the air gap line. Therefore, for steady-state modelling the 
parameters of the exciter will be considered unsaturated. The 
effective commutating reactance, Xc' is suggested to be the average 
value of the direct- and quadrature-axis subtransient reactances42. As 
the exciter has no damper winding, Xc will be the average value of the 
transient reactances. Using Equation S.l and substituting If and V f 
for Id and Ed respectively, the RLF and hence the mode of operation are 
determined. Using the characteristics given in Figure S.6, the delay 
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angle a and the commutation angle ~ can be obtained. The exciter 
voltage E, the fundamental frequency current II' and its power factor 
can be calculated using Equations 8.5-8.15. These are the AC loading 
condi tion, and treating the exciter as an ordinary synchronous 
generator, the power angle, field current and voltage can be 
calculated. 
8.3 DYNAMIC M)DELLIN:; OF THE ALTERNA'IDR AND ITS BRUSHLESS EXCITER 
To cope with the rectifier load nature, direct phase modelling is 
chosen for the exciter and for consistency it is also chosen for the 
generator. The generator is represented by three coils for the armature 
three phases. Each coil is shifted from the other by 120 electrical 
degrees in space and rotates with respect to the dqo frame of reference 
wi th angular velocity wI. The field winding is represented by the 
coil on the direct-axis fed from the output for the rotating rectifier 
bridge circuit. The damper winding is represented by one equivalent 
coil on both the direct- and quadrature-axis. 
The exciter is represented by three armature coils displaced each from 
the other by 120 electrical degrees. The three coils feed the 
rectifier bridge circuit. The exciter armature coils rotate at angular 
veloci ty w:2 with respect to the dqo frame of reference. The exciter 
field is represented by a coil on the direct-axis fed from the DC 
output of the stationary thyristor divert automatic voltage regulator. 
Figure 8.7 shows a schematic diagram for the alternator and its 
brushless exciter. 
8.3.1 Tensor Method 
Modelling of a bridge rectifier system using tensor methods43,44 is 
well established73, 74, 75. As the combined circuit of the alternator 
and exciter is of a variable topology, tensors will be used to assemble 
the state space equations required to describe any instantaneous diode 
conduction pattern. The method requires the use of a transformation 
between two reference frames, the primitive or branch reference frame 
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and the mesh reference frame. 
8.3.2 Branch Reference Frame 
The branch reference frame is used to describe the system in a 
disconnected form as shown in Figure 8.9. The voltages and currents in 
each branch are related by 
(8.19) 
where [~] is the impressed branch voltage vector, [vb] is the branch 
voltage vector, [zb] is the branch operational impedance matrix and 
rib] is the branch current vector. Equation 8.19 is given in full in 
Appendix A.12. 
8.3.3 Mesh Reference Frame 
The mesh reference frame is used to describe the system in a connected 
form. The frame relates voltage and current in meshes that are formed 
when conducting diodes connect the exciter armature windings to the 
main generator field winding. A typical situation, wi th three 
conducting diodes, is shown in Figure 8.9. In this situation 
commutation is occurring between diodes D1 and D3 in the upper arms of 
the bridge circuit while D2 is carrying the return current in the lower 
arms. There are two closed exciter meshes which may be considered 
separately as shown in Figure 8.9. These two meshes together with the 
permanent meshes of the main generator armature, damper windings and 
the exciter field are eight working meshes and are described by the 
following mesh matrix equation: 
(8.20) 
where [em] is the impressed mesh voltage vector, [vm] is the mesh 
voltage vector, [zm] is the mesh impedance matrix and rim] is the mesh 
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current vector. Since this equation refers to closed meshes, 
KirchhJff's sec:x::>nd law applies and [vm] must be a null vector. 
Investigation of the alternator-exciter circuit shows that, beside the 
six permanent mesh currents, there are possibly seven variable mesh 
currents according to the conducting pattern of diodes. Figure 8.10 
shows all the thirteen meshes which cover all the possible topologies 
of the circuit. The number of working meshes depends on the loading 
candi tion and the bridge rectifier mode of operation. 
8.3.4 BranchjMesh Transformation 
A transformation exists between the branch and mesh reference frames. 
The transformation in effect connects branches to form meshes. As the 
system under consideration has a variable topology, the transformation 
matrix will be a variable one, and it should be modified once a new 
mesh appears or an old mesh stops working. At any instant the branch 
currents are related to the mesh currents by 
(8.21) 
where [ib] is the branch currents vector and is given by 
(8.22) 
rim] is the working mesh currents vector. For a fictitious case when 
all the meshes are working it is given by 
(8.23) 
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[Crnt] is the transfo:rmation or the connection matrix. 
A master matrix which assumes that all the meshes are working is given 
by 
r 
1 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 0 0 0 0 0 0 0 0 0 
-1 0 0 0 0 0 0 0 0 0 0 0 0 
0 -1 0 0 0 0 0 0 0 0 0 0 0 
0 0 -1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 1 1 1 1 1 1 
0 0 0 1 0 0 0 0 0 0 0 0 0 
[CaM] = 0 0 0 0 1 0 0 0 0 0 0 0 0 (8.24) 
0 0 0 0 0 0 -1 -1 0 1 1 0 0 
0 0 0 0 0 0 1 0 -1 -1 0 1 0 
l~ 0 0 0 0 0 0 1 1 0 -1 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 
The first six oolumns are permanent, while from the last seven oolumns 
one, two or three columns may be chosen and added to the first six 
oolumns to form the proper transformation matrix. To maintain equality 
of power between the two frames, it can be shown that voltages and 
impedances in the two frames are related by43,44 
(8.25) 
(8.26) 
8.3.5 Circuit Tbpologies During the Different Modes of Operation 
At low reactance load factors, when the rectifier bridge circuit works 
in mode I, the bridge circuit allows a single mesh to conduct for some 
time before commutation starts between two diodes during which two 
meshes are in operation. An example of the consequent circuit 
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topologies is shown in Figure S.ll. Transition from one topology to 
the consequent one occurs according to the following conditions: 
i) The first circuit conduction pattern continues as long as the 
line voltage vac is the highest line voltage 
ii) The second circuit conduction pattern starts when the line 
voltage vbc becomes equal to the voltage vac. Commutation 
between diodes D1 and D3 takes place for a certain period during 
which i mS decreases and im9 increases. 
iii) Diode D1 stops conducting when i mS is zero, and the third circuit 
conduction pattern starts. 
At higher reactance load factors, when the rectifier bridge works in 
mode II, it happens that there are two conducting meshes all the time. 
An example of the consequent circuit topologies is shown in Figure 
S.12. Transition from one topology to the consequent one occurs 
according to the following conditions: 
i) The first conduction pattern continues as long as ~S > 0 
ii) If l,ns becomes zero at a time when vba is higher than vbc' it 
happens that diode D1 stops conducting and diode D4 starts 
conducting simultaneously and the mesh current i mS is replaced by 
~O· 
At even higher reactance load factors, when the bridge circuit works in 
mode III, free-wheeling action will take place during each CYCle for 
some time. An example of the consequent circuit topologies is shown in 
Figure 8.13. Transition from one topology to the consequent one occurs 
according to the following conditions: 
i) The first conduction pattern continues as long as i mS > 0 and v fG 
is positive 
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ii) Free-wheeling action starts when v fG becomes zero tending towards 
a n.eg'ative value. At that instant an additional mesh current i mO 
starts to flow in the generator field winding and completes its 
path in the three parallel bridge diode branches 
iii) The third conduction pattern starts when i m8 becomes zero. At 
this moment a new mesh current i m10 starts to flow 
iv) The fourth conduction pattern starts when ~ becanes zero. 
From the circuit topologies smwn during mode III operation, it follows 
that either two or three meshes are carrying current at any time. 
During the period of free-wheeling action, the main generator is 
isolated from its exciter and its field is shorted through the free-
wheeling path. The exciter armature in that period has a terminal 
condition identical to a three-phase smrt circuit. 
Under some conditions, when the generation field current i fG exceeds 
the short circuit current of the rectifier bridge circuit, the free-
wheeling action will continue for several cycles until the generator 
field current falls below the maximum current which can be supplied by 
the exciter at this instant. In this case, complete isolation occurs 
between the alternator and the exciter for several cycles 76. An example 
of the CX'lI1SElqUent circuit topologies is smwn in Figure 8.14. 
8.4 MJDELLIl'l3 OF THE THYRISTOR DIVERT AUI'CMATIC VOLTAGE REGULATOR 
The thyristor divert automatic voltage regulator shown in Figure 8.15, 
is a static unit used to control the excitation of the brushless 
exci ter, which in turn provides the field current of the al ternator. 
The automatic voltage regulator controls the output of a single phase 
rectifier supplied from a high impedance compounding circuit. The 
compounding circuit provides more output than is required by the 
exciter under all conditions, and the excess current is diverted from 
the exciter field winding through a thyristor. The gate of the 
thy:r;-istor is controlled by an error signal resul ting from the 
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comparison between a reference signal and a feedback signal obtained 
from a sensing signal monitoring the alternator line voltage. 
Assuming that the rectifier bridge circuit is disconnected from the 
exciter field winding, the choke will draw a current IR which lags the 
alternator voltage by approximately 900 . The current transformer will 
supply a second current IC.T which is in phase with and proportional to 
the alternator current I L. The compounding circuit current IF is the 
vector sum of IR and IC.T (see Figure 8.15). The input voltage VF to 
the bridge rectifier will therefore be in direct proportion to the 
input current IF. When the bridge is connected to the exciter field 
winding and the thyristor does not conduct, the high inductance of the 
field will keep the current If substantially constant. Consequently 
the current in the choke will be constant and the applied field voltage 
Vf will be equal to the compounding circuit voltage VF. The thyristor 
is triggered at an appropriate instant during the normal conducting 
period of the rectifier, thereby short-circuiting the field winding for 
the remainder of the conducting period. Accordingly, the voltage 
reaching the exciter field consists of a series of pulses at twice the 
supply frequency. Advancing or retarding the instant of firing will 
vary the width of the voltage pulse and hence the mean value of the 
voltage applied to the exciter. 
The compound-fed thyristor divert automatic voltage regulator can be 
modelled by the transfer function block diagram34 shown in Figure 8.16. 
By transformation from the Laplace operator'S' domain to the time 
domain, the following matrix equation in the state space form is 
obtained: 
. [e) = [A] [e) + [C) (8.27) 
where [e] is the state space variables vector, and is given by 
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[A] is the system matrix, and [C] is the control matrix. Both [A] and 
[C] are given in Appendix A.13. 
8.5 MJDELLIlIG OF THE DIESEL E:f'.K;INE PRIME-M)VER AND THE SPEED GO\lERN)R 
The diesel engine is kn:>wn as a constant speed mechanical motor 77. Any 
change in the system speed due to a change in electrical torque 
reflected by the electrical machines is sensed and fed back to the 
speed governor. The speed governor reacts mechanically to the speed 
through a certain displacement. This displacement is used to control 
the throttling valve opening thus controlling the fuel input to the 
diesel engine. By controlling the fuel flow, the output torque is 
controlled to correspond to the demanded electrical torque bringing the 
system back to its original speed within a small regulation range. 
The diesel engine and its speed governor is simply modelled by the 
transfer function block diagram shown in Figure 8.17 78. By 
transformation from the Laplace operator'S' domain to the time domain, 
the followiang state space equation is obtained: 
. [u] = [AP][u] + [CP] (8.29) 
[u] is the state space variables vector, and is given by 
(8.30) 
where ul is the rate of fuel input to the diesel engine, u2 is the 
mechanical output torque of the diesel engine, and u3 is the system 
speed. 
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[AP] is the system matrix and rep] is the control matrix given in 
Appendix A.14. 
The electrical torques of the alternator and brushless exciter are 
calculated in terms of the direct- and quadrature-axis quanti ties as 
fOllOWS1: 
(8.31) 
where 
(8.32) 
and 
(8.33) 
The base torque for each machine is calculated fran 
rated VA 
T = ------
n rated speed 
(8.34) 
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ClIAPI'ER 9 
DIGITAL SIMJIATICN OF THE SYNC1IRCNXJS GENERA'IOR SYSTEM 
The mathematical models given in Chapters 7 and 8 for the alternator-
brushless exciter unit, the thryistor divert automatic voltage 
regulator, and the diesel engine prime-mover, have been used to 
simulate the alternator system. A complete programme has been written 
to predict the steady state and dynamic performance of the system. 
The programme has been written in Fortran 77 to run on the Mul tics 
computer system. A flow chart for the programme is shown in Figure 
9.1. 
9.1 BASIC ALmRITHM FOR THE SOLurION OF THE SYSTEM MATHEMATICAL M)DEL 
The basic algorithm for the solution of the system matrix equations is 
as follows: 
a) For a given alternator terminal condition, the steady state 
alternator field voltage and current, the brushless exciter mode 
of operation, and hence its armature and field voltages and 
currents are calculated based on the steady state models given in 
Section 8.2 considering the electromagnetic nonlinearity effects. 
b) For a transient performance study, the branch reference frame 
impedance matrix components are determined. '!he elements of [RbJ 
are time independent and linear. '!he elements of [Xb] and [%], 
being dependent on the rotor position and on the prevailing 
condition of saturation, must be calculated at every step of the 
integration. 
c) The components of the mesh reference frame impedance matrix are 
determined by transformation from the corresponding components of 
the branch reference frame impedance matrix, such that: 
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(9.1) 
The matrix [Zm] is therefore time variant. Its construction and 
dimensions are dependent on the system circuit topology at any 
instant in time, therefore the transformation must be made at each 
step of the integratio~ 
d) The impressed mesh voltage vector is determined by transformation 
from the impressed branch voltage vector 
(9.2) 
[eb] has zero values for all of its elements except for the 
exciter field branch where it has a value vfE. 
e) The information determined by operations (b) to (d) allows the 
state space form of equation 8.20, 
(9.3) 
to be solved, using the Merson-Runge-Kutta numerical integration 
meth:xi61, to give the new mesh current vector [im] and its rate of 
change with time p [im] . 
f) The state space equations of the automatic voltage regulator are 
integrated, using the modified Euler numerical integration 
method61, to give the new exciter field voltage, vfe' for the next 
time step. 
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g) The state space equations of the prime-mover, if its action is 
considered, are integrated, using the modified Euler numerical 
integration method61 , to give the new system speed, e, for the 
next time step. 
h) The branch current vector rib] and its rate of change with time 
p[ib ] are determined by transformation, 
(9.4) 
(9.5) 
The branch voltage vector [Vb] is then calculated from the 
extended form of equation 8.19 
(9.6) 
Operations (b) to (h) should be carried out for each time step in the 
solution. At the end of each step the system is tested for changes in 
topolbgy. 'Ihese changes or discontinuities occur when non-conducting 
diodes beoome forward biased or when conducting diodes attempt to pass 
reverse current. If changes are detected the solution proceeds as 
follows: 
1. The time between the start of the step and the first discontinuity 
is determined using linear interpolation61 ,79,80. 
2. The time between the start of the step and any other discontinuity 
is determined and compared with the first. If the compared times 
are within a small specified limit, the discontinuities are 
considered to be simultaneous. 
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3. The system topology that will be relevant after any 
discontinuities is determined. 
4. The system voltages and currents are determined at the 
discontinuity instant using linear interpolation61,79. 
5. The transformation tensor [CbmJ for the new system topology is 
assembled. 
6. The new state space equation is formed according to operations (b) 
to (d) and integrated from the discontinuity instant over the 
IX>rmal time step length. 
7. The automatic voltage regulator equations as well as the prime 
mover equations are integrated also fIDm the discontinuity instant 
over the IX>rmal time step length. 
8. The system is tested for further topology changes occurring during 
operation (6); if any are found operations (1) to (8) are 
repeated, if IX>t the solution pIDCeeds with operations (b) to (h) 
for the next time step. 
9.2 DISCONTINUITY TESTING 
The algorithm outlined in the previous section indicates the need for 
methJds to detect and locate a discontinuity. There are two types of 
discontinuity, occurring when diodes start or stop conducting. A 
vol tage discontinuity occurs when there is a change in the forward 
bias of a diode pair and a new mesh is formed. A current 
discontinuity occurs when the current flowing in a mesh falls to zeID, 
thus causing a diode or diode pair to cease conducting. A flow chart 
for the prugramme IDutine that detects and locates any discontinuity 
and determines the correct subsequent system topology is given in 
Figure 9.2. The basic methods of detection and location are outlined 
in the following sections. 
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9.2.1 Voltage Discontinuities 
The diode bridge n::x1e-to-n::x1e voltages are determined from the branch 
voltage vector, Vb. Forward biased diode pairs are determined as 
diodes connected to n::x1es having a n::x1e-to-n::x1e voltage greater than 
or equal to the alternator field voltage. The free wheeling action 
starts once the alternator field voltage tends to fall to a negative 
value. The time at which the discontinuity occurs is calculated using 
linear interpolation61,79,80. At a voltage discontinuity, a new mesh 
comes into existence and the order of the system state space matrix is 
increased by one. 
9.2.2 CUrrent Discontinuities 
The system topology is such that if any diode attempts to pass reverse 
current, then the relevant mesh current will be negative. Any 
occurrence of a negative mesh current, other than in the permanent 
meshes, sOOws that a current discontinuity has occurred. The time at 
which the discontinuity occurs, when the relevant mesh current falls 
below zero, is also calculated using linear interpolation61,79,80. At 
a current discontinuity, an old mesh ceases to conduct and the order 
of the system state space matrix is reduced by one. 
9.3 ACOJRACl AND CXMPl1I'ATION TIME 
A compromise between the accuracy of the digital solution and the 
computation time required to study any dynamic condition should be 
made. The accuracy and the computation time are affected by many 
factors. Of these, four main factors will be discussed in the 
following sections. 
9.3.1 Integration Time step Length 
Many considerations affect the choice of a proper time step length. 
These are briefly discussed as follows: 
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a) Numerical stability of the solution which necessitates the use of 
a time step length smaller than the smallest time constant in the 
system68 • 
b) Accuracy of the solution. In this respect, the numerical local 
errors decrease as the step length decreases61. However, as the 
computation time is approximately inversely proportional to the 
step length, the step length should be increased to the limit that 
the numerical errors are within the acceptable range. As the set 
9f equations describing the alternator-exciter unit has the 
smallest time constant compared with the other sets, and its 
variables are of a periodic nature, the choice of the time step 
length shOUld be related to this set of equations. In this 
respect the following conditions are considered. 
i) For a battery fed alternator - if high space flux harmonics 
is rot included - a step length equivalent to 1/30 of the AC 
cycle was found to be a proper choice. In the case of 
inclusion of the Kth harmonic, a step length equivalent to 
1/10 of that Kth harmonic cycle will be appropriate. 
ii) For a brushless exciter fed alternator where voltage and 
current discontinuities occur 12 times per cycle of the 
exciter, it is appropriate to take about 5 steps between each 
two successive discontinuities or 60 steps per cycle of the 
brushless exciter. If the interest is in higher time 
harmonics of the alternator-exciter waveforms, 10 steps per 
cycle of the highest considered harmonics will be 
appropriate. 
c) Computer storage size. If this is a problem the number of steps 
per cycle are either decreased or alternatively a chosen number of 
points among the calculated points are only printed out or stored 
during the digital solution. 
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In this study, a time step length equivalent to 1/60 of the exciter AC 
cycle will be used, as high orders of space and time harmonics are 
beyond the scope of this work. 
9.3.2 Numerical Integration Techniques 
It has been foundl that the Runge-Kutta numerical integration methcxis 
are very suitable to solve the state space equations of the electrical 
machines, and that the solution obtaine~ can be very accurate. As 
these metlx::>ds are of the fourth or higher orders, they allow the use 
of longer time step lengths than the lower order methods for the same 
accuracy6l. The Runge-Kutta methods are self-starting2, therefore 
they are sui table for the transient and the rectifier loading 
conditions characterised by repetitive discontinuities. 
In Runge-Kutta methcxis, the derivatives of the state space variables 
are calculated at several intermediate stages in one time step length. 
It may be noted from equation 9.3 that calculation of the derivatives 
at these intermediate time stages requires time updating of [~J and 
[GmJ, thus a new matrix inversion operation should be performed at 
each intermediate time stage. Bearing in mind that the matrix 
inversion process is time consuming, this long integration technique 
will be dramatically time consuming. 
As long as the integration time step length is small, as in this 
study, a slx>rter integration technique can be used without noticeable 
effect on the computation accuracy. In this technique, the elements 
of [~], [Gm] and thus [Xm]-l are calculated once at the middle of the 
time step, and used for all the intermediate time stages. The short 
integration technique results in a very significant computation time 
reduction. 
The modified Euler method61 is used to integrate the automatic voltage 
regulator and the prime-mover sets of equations. The method is 
expected to give accurate results as these systems have longer time 
constants compared with the alternator-exciter system. Euler methcxis 
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are less time consuming compared with Runge-Kutta meth:x3s61. 
9.3.3 Detection of Instant of Discontinuity 
When small integration time step lengths are used, linear 
interpolation61,79,80 can be employed to calculate the discontinuity 
instant. The system variables can also be calculated at this instant 
using linear interpolation with good accuracy. However for large 
integration time step lengths, and due to the nonlinear nature of the 
machine voltages and currents, linear interpolation will not give an 
accurate instant of the discontinuity. This should be corrected by an 
iterative integration technique81 until the correct instant is found, 
and the corresponding system variables are then obtained. 
In the present study, small integration step length is utilised for 
accurate requirements, therefore linear interpolation will be used. 
9.3.4 Order of the System Matrix 
One of the most time consuming processes in a digital solution is the 
process of inversion of the system matrix. The time taken to invert a 
matrix is proportional to the cubic value of the matrix order52. 
Therefore, a significant reduction in the computation time can be 
gained by dividing the whole system equations into several sets of 
equations of smaller system matrix orders. 
In the present study, the complete system equations have been divided 
into three sets of equations: a set for the alternator-exciter unit, 
a set for the automatic vol tage regulator, and a set for the prime-
mover. Of these three sets, only the alternator-exciter set needs a 
step by step matrix inversion. The order of this matrix has been 
reduced by using one lumped damper coil instead of the multi-damper 
representation. 
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9.4 RESULTS AND DISCUSSION 
To verify the validity of the mathematical models developed for the 
system shown in Figure 8.1, various steady state and transient 
condition results have been computed. The calculations have been 
performed for a system consisting of an 831.25 KVA alternator, its 
brushless exci ter and associated thyristor divert automatic voltage 
regulator, and a diesel engine prime mover. The specifications of the 
alternator, brush1ess exciter and the thyristor divert automatic 
voltage regulator are given in Tables 2.2, 2.3 and 9.1 respectively. 
The calculated results are compared with the available steady state 
and transient measurements. 
9.4.1 Steady State Results 
The alternator field current and the brushless exciter voltages and 
currents have been predicted for no-load, zero power factor and unity 
power factor loading condi tions. The calculations have been carried 
out using the following machine parameters states: 
i) unsaturated parameters for both the alternator and the exciter; 
ii) saturated parameters for the alternator only using the new 
saturation factors, neglecting and considering the mutual 
saturation effects between the direct- and quadrature-axis 
fluxes. 
For the sake of comparison, the predicted and the test results are 
shown in Figures 9.3-9.5. The variations of the alternator main and 
leakage reactances coefficients are shown in Figures 9.6-9.8. 
Investigation of the results shown in Figures 9.3-9.5 confirms that it 
is necessary to consider the saturation effects in the alternator for 
accurate steady state study. The comparison between the predicted and 
the test results confirms the validity of the nonlinear steady state 
model developed using the new saturation factors. 
Comparison of the results computed with and without the consideration 
of mutual saturation effects bl3tween the two axes fluxes for unity 
power factor loads (Figure 9.5), shows that the differences are small. 
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Consequently, accurate modelling can be achieved by using the simple 
saturation factors neglecting this mutual saturation effect. 
In the case where the mutual saturation effects between the two axes 
fluxes is neglected, the coefficients Aaf and Aakd are affected by the 
direct-axis saturation only, while the coefficient Aakq is affected by 
the quadrature-axis saturation only. The saturated values of Aaf and 
Aakd differ significantly from the unsaturated values, while the 
saturated value of Aakq almost coincides with the unsaturated value 
(Figures 9.6-9.8). Therefore, it can be concluded that direct-axis 
saturation has a pronounced effect on the alternator parameters, while 
quadrature-axis saturation has a negligible effect. The figures also 
show tha t the field leakage reactance coef f i cien t, Afl , is clearly 
affected by saturation, and on the contrary the armature leakage 
reactance coefficient, Aol is not affected. 
The brushless exciter reactance coefficients have been calculated at 
the condition of zero power factor loads, and the results are shown in 
Figure 9.9. Investigation of the behaviour of the reactances 
coefficients confirms tha t the exciter a t steady state condi tions, 
works low down the unsaturated region and can be considered 
unsaturated without affecting the accuracy of the predicted results. 
Under symmetrical steady-state loading conditions the rotating bridge 
rectifier operates in mode I, with the follO\ving values of rectifier 
parameters 
RLF = 0.2048, a - 00 , 
9.4.2 Transient Results 
In this respect sudden symmetrical and asymmetrical short-circuiting 
of the alternator terminals from no-load condition have been studied. 
The action of the AVR will be inhibited during these conditions. 
Also, sudden application and removal of a large zero power factor 
load, enabling the acUon of the AVR, have been studied. The 
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transient reaction of the prime-mover will be neglected as the 
considered transients are characterised with negligible change in 
required mechanical torques. 
a) Transient short circuit 
The behaviour of the al terna tor, rota ting bridge r-ect i fier and 
brushless exciter have been predicted dur-ing sudden symmetrical short-
circuiting of the alternator terminals from 1.0 p.u. no-load voltage 
condition. The results have been predicted using the following three 
models: 
i) Unsaturated reactances based model 
ii) Static reactances based model 
iii) Dynamic reactances based model. 
The last two nonlinear models neglect mutual saturation effects 
between the axes fluxes. 
The alternator field and armature currents predicted using the above 
three models and the test results are compared in Figure 9.10. It can 
be seen that the predicted results using the dynamic reactances based 
model are the closest to the measured results. 
The predicted voltages and currents for the alternator, brushless 
exciter and the rotating bridge rectifier using the above three models 
are shown in Figures 9.11-9.22. Investigation of the bridge 
rectifier output voltage waveform (Figures 9.11-9.13) shows that 
during the short circuit transient the bridge rectifier is driven from 
mode I to mode II, then to mode III, and subsequently to the condition 
of complete isolation of the alternator from its exciter. This 
condition is characterised by a continuous free-wheeling action. The 
transition in modes occurs as a result of the transient increase of 
the alternator field current associated with short circuit. Due to 
the alternating component of the field current, the continuous free-
wheeling action occurring during the isolation mode is cleared when 
the field current falls below the instantaneous exciter short circuit 
current. In this case, the bridge works in mode III for a while until 
the current rises to the value where the continuous free-wheeling 
action starts. 
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During the mode of complete isolation, the exciter behaves exactly as 
a 3-phase sh:>rt circuited synchronous generator (Figures 9.14-9.16). 
During the other modes of operation when rectified current is 
supplied, the sixth order ripples appear on the exciter field current. 
The distorted waveforms of one of the exciter AC armature phase 
voltage are shown in Figures 9.17-9.19. The current and voltage 
waveforms for one of the rectifier diodes are shown in Figure 9.20-
9.22 in per-unit of the exciter rated peak current and voltage 
respectively. 
The effect of saturation during short circuit on both the alternator 
and the exciter can be investigated through the behaviour of the 
saturated static and dynamic reactances coefficients. 
starting with the alternator, the behaviour of the static and dynamic 
coefficients of some of the main reactances and the armature and field 
leakage reactances are shown in Figures 9.23 and 9.24 respectively. 
Figure 9.23 sh:>ws that, apart from Aakq' there is a significant effect 
of saturation on the static coefficients at no-load, and that the 
values of these coefficients increase in an oscillatory manner during 
the transient short circuit. Nevertheless, saturation effect is still 
pronounced during the transient. The dynamic coefficients behave 
differently from the static ones, as they have lower values at oo-load 
condition and sh:>w larger increases in values with higher amplitudes 
of oscillation during the transient. The static and dynamic values of 
Aakq are I'X)t affected, and are equal to the unsaturated value as there 
is 00 appreciable quadrature-axis flux in this condition. Figure 9.24 
sh:>ws that the armature leakage reactance coefficient is more or less 
constant statically and dynamically which confirms that saturation is 
negligible on the armature leakage reactance under short circuit 
conditions. On the contrary, the field leakage reactance coefficient 
is significantly affected by saturation statically and dynamically. 
Its static value at no load shows a saturation factor of about 0.78, 
and during the sh:>rt circuit transient this factor increases slightly. 
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The behaviour of the field leakage dynamic coefficient is completely 
different as it shows an initial sudden drop follmved by an increasing 
unidirectional oomrxnent with a superimposed alternating component. 
The coefficient shows negative values over some intervals of time. 
This can be easily explained with the aid of the expression of the 
dynamic reactance given by equation 6.9. The sudden drop and the 
d 
al ternating component is a result of the if d:~l term which more or 
less behaves similarly to the behaviour of if with a -ve sign. 
The previous discussion confirms that saturation effects on the 
al ternator should be considered properly, and that the new dynamic 
reactance based model is the model which should be used for correct 
resul ts. The use of the static reactances in place of the dynamic 
reactances in the static reactances based model are expected to give 
inaccurate results for most of the dynamic conditions. 
The exciter main and leakage reactances coefficients do not show any 
appreciable differences between the saturated and the unsaturated 
values (Figures 9.25 and 9.26). Therefore the exciter can be 
considered unsaturated under no-load and transient short circuiting 
conditions of the main alternator. 
A single line to ground short-circuiting from 1.0 p.u. no-load voltage 
condition has been studied as an example of asymmetrical loading 
condi tions. The voltages and currents for all the system branches 
have been predicted using the above three models. The behaviour of 
the predicted generator field currents resulting from the three models 
is shown in Figure 9.27. The field current predicted contains a 
sustained alternating component at double the main alternator 
frequency. This is a result of the backward rotating flux encountered 
under this oondi tion due to the negative sequence current oomponents. l 
The detailed voltage and current waveforms for the whole system 
branches are given in Figures 9.28-9.32. Due to the sustained 
al ternating component of the generator field current, the rotating 
bridge rectifier keeps fluctuating between the mode of complete 
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isolation from the generator field winding and mode III, and sometimes 
mode II condition. 
The behaviour of the saturated static and dynamic coefficients of the 
alternator and exciter are shown in Figures 9.33-9.36. The results 
confirm again the importance of the proper consideration of the 
saturation effects in the alternator. Also, they confirm that the 
exciter can be considered unsaturated under transient short circuit 
conditions • 
b) Sudden load application and rejection 
A condition of sudden application and rejection of 1.63 p.u. zero 
power factor load has been studied. The action of the thyristor 
divert automatic voltage regulator is involved to keep the terminal 
vol tage at the rated value. The computations have been carried out 
using the above mentioned three models. 
Load application has been simulated by sudden application of three 
equal reactances to the alternator terminals of a per-unit value equal 
to 1/1.63. Load rejection has been simulated neglecting the arc 
action by replacing the three load reactances by three resistances of 
a very high value. To avoid numerical instability problems, a 
reactance should be added in series with each resistor to achieve time 
constants higher than the integration time step length. 68 Also, the 
addi tion of these reactances helps in reducing voltage spikes 
associated with load rej ection conditions which appear due to the very 
rapid decay of the armature currents. The constant flux linkage 
1 
theorem has not been used here due to the existence of rectifier 
circuits which complicate the application of this theorem. 
The al tenl8tor terminal voltage responses, predicted using the three 
models are compared with the test results in Figures 9.37 and 9.38. 
It can be seen that the new dynamic reactances based model gives 
predicted results in gCXJd agreement with the measurements, while the 
results obtained from the other two models show significant 
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discrepancies regarding voltage dips and rises and recovery times. 
Table 9.2 summarises the load application and rejection results. 
The detailed voltage and current waveforms of the complete system for 
load application and removal are shown in Figures 9.39-9.50. These 
waveforms have been predicted using the new dynamic phase model. 
For load application, the alternator field current increases. 
Nevertheless, the bridge rectifier still operates in mode I as its 
output DC voltage is increased, by the action of the A VR. When the 
AVR brings the exciter field voltage down, the bridge rectifier is 
driven to higher modes up to mode III and eventually back to mode I 
(Figure 9.40). The exciter phase currents (Figure 9.41) during modes 
I, II and III are AC currents at the exciter frequency within an 
envelope behaving similar to the generator field current which 
oscillates with the main alternator frequency. The exciter field 
current consists of several components of currents; a unidirectional 
component, a component oscillating at the main al teITlator frequency, a 
component oscillating at the exciter frequency, and a ripple component 
oscillating at six times the exciter frequency (Figure 9.42). The 
current and voltage waveforms given for one of the rectifier diodes 
(Figure 9.43) slx>w that the bridge rectifier is heavily loaded under 
this condition. 
For load rejection, although the generator field current decreases, 
the bridge rectifier is driven to higher modes as its output DC 
vol tage is reduced by the action of the AVR. The bridge is driven 
from mode I to mode II, then to mode III, and subsequently to the mode 
of c:x:ntinuous free-wheeling action (Figure 9.46). During this mode the 
exciter AC current decreases due to the rapid decay of its field 
current caused by the action of the AVR. When the exciter field 
current dies down, no exciter armature currents will flow, and the 
diodes will carry only the free-wheeling generator field current 
(Figure 9.49). This continues until the exciter field vol tage builds 
up again, and at a certain value the free-wheeling action is cleared 
and the bridge rectifier is driven back to lower modes of operation. 
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Under load rejection condition, the bridge rectifier is lightly loaded 
as shown in Figure 9.49. 
The behaviour of the saturated static and dynamic reactances 
coefficients for both the alternator and its brushless exci ter at load 
application and rejection are shown in Figures 9.51-9.58. The results 
confirm the significant influence of saturation on the main reactances 
and the field leakage reactance of the alternator. Also, a comparison 
between the static and dynamic values shows that significant errors 
would result if the static coefficients are used in place of the 
dynamic ones, as in the case of the conventional static reactances 
based model. 
It can be concluded, from the investigation of the behaviour of the 
exciter coefficients, that the exciter is unsaturated at load 
rejection condition. On the contrary, at load application condition, 
the exciter is pushed up by the action of the AVR to the saturated 
region. A static saturation factor of about 0.89 is reached, and a 
significantly less dynamic saturation factor is attained at the period 
when the exciter field voltage is hitting the ceiling. 
The detailed information obtainable from the developed phase model 
during the various dynamic condi t ions of t he a 1 terna tor-brushless 
exciter system is useful to the practising engineer. Also, this 
information can be used for proper design of the machines, rotating 
rectifiers and the automatic voltage regulator. 
It may be mentioned that no dynamic condi t ion involving the action of 
the prime-mover and its speed governor has been presented. This is due 
to the long study time required to investigate the response of the 
mechanical systems which are characted sed by long time constants. 
The problem associa ted with long study times is the drama tic long 
computation time required which is not available. 
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Parameter Value 
---~-.-- -.--
TR 0.020 sec 
KA 370 
TA 0.220 sec 
K 0.005 F 
TF1 0.130 sec 
TF2 0.075 
E 1.0 p.u. 
max 
E 
min 0.0 p.u. 
V 18.5 p.u. 
max 
V 0.0 p.u. 
min 
---.. _-_!_--
TABLE 9.1: Parameters of the thyristor divert automatic voltage 
regulator 
+-_._--
Condition I Load on Load off 
\ 
--------
Voltage Recovery Voltage Recovery 
Model Dip Time* Rise Time 
p.u. m.sec p.u. m.sec 
Test results 0.195 400 0.215 790 
Unsaturated 0.22 305 0.27 1280 
model 
Static reactances 0.190 565 0.20 1580 
model 
Dynamic reactances 0.195 420 0.22 800 
model 
TABLE 9.2: Voltage response for sudden application and removal of 
1.63 p.u. zero power factor load 
No 
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Fig. 9.19: Transient armature AC voltage of the brushless exciter during 
symmetrical short circuit of the alternator from 1.0 p.u. no-
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F;.g. 9.26: Behaviour of the brushless exciter leakage reactances coefficients 
during symmetrical short circuit of the alternator from 1.0 p.u. 
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Fig. 9.27: Transient field current of the alternator during 
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Fig. 9.28: Transient armature current of the red phase of the 
alternator during asymmetrical line-to-ground short 
circuit from 1.0 p.u. no-load voltage condition, 
predicted using the dynamic reactances model 
.00 
a. 
o 
> 
1.00 
0.80 
0.60 
0.40 
0.20 
LJI 
-O.OOi~~~~~~~~~~~~~~~~~~~~~ I 
-0.20 . 0 0.40 0.80 1 ·20 1.60 2.00 
X10-1 
-0.40 time. sec· 
-0.60 
-0.80 
-1.00 
(a) The red phase 
c.. 
o 
> 
1.00 
0.80 
0.60 
0.40 
0.20 
-0.00 
n 
p. co 
-0.20 
-0.40 
,( 1-0.6 
-0.80 
-1.00 V 
n f"I /1 n 
0.4J 0.80 
V V V 
A (\ (\ (I 
1 .2b 1 .6b 2 .00 
X 0- 1 
time. s e . 
V V V V 
(pl The yellow phase 
1.00 
0.80 
0.60 
0.40 
~ 
a. 0.20 
., 
0> 
co 2.00 
...... 
0 
-0.40 
> 
-0.60 
-0.80 
-1.00 . 
~c) The blue phase 
Fig. 9.29: Transient armature phase voltages of the alternator during 
asymmetrical line-to-ground short circuit from 1.0 p.u. no-
load voltage condition, predicted using the dynamic reactances 
model 
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Fig. 9.30: Transient currents of the brushless exciter during asymmetrical 
line-to-ground short circuit of the alternator from 1.0 p.u. no-
load voltage condition, predicted using the dynamic reactances 
model 
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Fig. 9.31: Transient voltages of the brushless exciter during 
asymmetrical line-to-ground short circuit from 1.0 p.u. 
no-load voltage condition, predicted using the dynamic 
reactances model 
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Fig. 9.32: Current and voltage waveforms of a rectifier diode during 
asymmetrical line-to-ground short circuit from 1,0 p,u, no-
load voltage condition, predicted using the dynamic reactances 
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Fig. 9.33: Behaviour of the alternator main reactances coefficients 
during asymmetrical line-to-ground short circuit from 1.9 p.u. 
no-load voltage condition 
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Fig. 9.34: Behaviour of the alternator leakage reactances coefficients 
during asymmetrical short circuit from 1.0 p.u. no-load 
voltage condition 
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Fig. 9.35: Behaviour of the brushless exciter main reactances coefficients 
during asymmetrical line-to-ground short circuit of the 
alternator from 1.0 p.u. no-load voltage condition 
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Fig. 9.36: Behaviour of the brushless exciter leakage reactances 
coefficients during asymmetrical short circuit of the 
alternator from 1.0 p.u. no-load voltage condition 
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Fig. 9.37: Alternator terminal voltage response at sudden application 
of 1.63 p.u. zero power factor load 
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Fig. 9.38: Alternator terminal voltage response of sudden removal of 
1.63 p.u. zero power factor load 
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Transient armature phase current and voltage of the alternator at sudden application of 1.63 p.u. zero 
power factor load, predicted using the dynamic reactances mnnel· 
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Fig. 9.40: Transient current and voltage waveforms of the alternator field at sudden application of 1.63 p.u. 
zero power factor load, predicted using the dynamic reactances model 
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(a) Brushless exciter armature phase current, phase 'a' Fig. 9.41: continued 
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Fig. 9.41: Transient current and voltage waveforms of the brushless exciter at sudden application of 1.63 p.u. 
zero power factor alternator load, predicted usj ncr t.he d~rnaJT!ic reactances model 
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Fig. 9.42: Transient current and voltage waveforms of the brushless exciter at sudden application of 1.63 p.u. zero power factor 
alternator load, predicted using the dynamic reactances model 
254 
'-'---, 
---- ------~~--'=-- ~----==--------=-
-----
-
----"'-==-, -==-'--,-:----=----'~- -~. ---~-, '-,.~,.  
, ~---'----~--=-=----=--- --=-== -=--- ~ -..:::: 
- -- ------ - -
--------=---=----=-=-=--= -----=--. -= ~ 
- ----_._--
------=:: - -- --
c.. 
'>t 
0 
'\J 
c-; 
_-_-_-_-_---_-.-~ ______ ~ : -=---.~ -...::. =-----~ -= _ ' 0 
f'.-. ------ --- - ----- - -'--
-------_._-- -...=: --~=----==--~-=---=---
-:;oj-
____ :-r 0 
,............·.,irr-,-,-,-~~-,-·,....~,_,~.,...,-·-,--.,-.-,~ 
o 
II) 
. I' d 
c 
c 
• 1 I ~ Cf ,J .' Ii:) 
u) 
f' .. 
D 
L 
If, 
C 
Vi 
( , 
o o 
'd 
Q) 
~ 
t:: 
. .,j 
+l 
t:: 
0 
U 
if, 
.40 
. ., 
i 
0 1 
<to ] 
0 
'" 
~ 
-;; ~ 
c 
1 > 
I 
~ 
J i:,~vn~~::~mmmmmmmmmfmmmmmm.UJi\li ~' , "'Ir,! l:i'I'~w'm~r~mlll~l,rlj; - j.1 111,,11'1' ·1 j",11 " I 
"II", I 
- <1 -1 
- 5' 
(b) Rectifier voltage 
Fig. 9.43: Transient current and voltage waveforms of a rectifier diode at sudden application of 1.63 p.u. zero power factor 
alternator load, predicted using the dynamic reactances model 
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Fig. 9.44: Voltage signals of the thyristor divert automatic voltage regulator at sudden application of 1.63 p.u. zero 
power factor alternator load 
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Fig. 9.45: Transient armature phase voltage of the alternator at sudden removal of 1.63 p.u. zero power factor 
load, predicted using the dynamic reactances model 
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(a) Alternator field current 
Figure 9.46 (continued) 
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Fig. 9.46: Transient current and voltage waveforms of the alternator field at sudden removal of 1.63 p.u. 
zero power factor load, predicted using the dynamic reactances model 
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(a) Brushless exciter armature phase current, phase 'a' 
Figure 9.47: continued 
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(b) Brushless exciter armature phase voltage, phase 'a' 
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Fig. 9.47: Transient current and voltage waveforms of the brushlessexciter at sudden removal of the 1.63 p.u. 
zero power factor alternator load, predicted using the dynamic reactances model 
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Figure 9.48: continued 
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(b) Brushless exciter field voltage 
Fig. 9.48: Transient current and voltage waveforms of the brushless exciter at SUdden removal of 1.63 p.u. 
zero power factor alternator loads, predicted using the dynamic reactances model 
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(b) Rectifier voltage 
Fig. 9.49: Transient current and voltage waveforms of a rectifier diode at sudden removal of 1.63 p.u. 
zero power factor alternator load, predicted using the dynamic reactances model 
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Fig. 9.50: Voltage signals of the thyristor divert automatic voltage regulator at sudden removal of 1.63 p.u. 
zero power factor alternator load 
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(a) Static coefficients Fig. 9.51: continued time. sec. 
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(b) Dynamic coefficients 
Fig. 9.51: Behaviour of the alternator main reactances coefficients at sudden application of 1.63 p.u. zero 
power factor load 
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(a) Static coefficients Fig. 9.52: continued 
tv 
0'1 
1..0 
Xl0- i 
1.00
1 
l 
") 0.90_j 
o j 
., o.S()J 
~ ~ 
I"j O.70~ 
.j 
: 0 ro~ 
r ~ , '.) 
- -
1 
:j 
r.;:;o:: 
:1 
: : :: ~~--~ C L -------6 -----i:---------r:----- ---/:c------e,-- ._--
O.20j NWw~ 
AOl 
f\ 
O. 1 01 PNw. t, f\ f\ Ar -AfVV'-"-./'- ,-,A. ..... -----.------~______ -I_~~-] V'., 1\1 \ \!\(\j\/\/V'j\I\(\ 
O.()O~ +.~II~i~II~"~i~'I~i~"~"~i~"~ti~'~"~"~'~i·~I~'~iI~i~'~Ii~ii~i~ii~'~.i~"~i~fi~ .. ~'~i1~i~"~ri~'~"~"~i~"~l~iI~"~'~"~'~'1~I'~'~.i~i~lI~il~i~"~'~.i~ii~i~li~ii~i~"~i~"nli~'~' ~"~i~""~ii~ii~i~"~i~'!~Ii~i~ii~"~"i 
o . 00 0 . 1 0 0 . ~: () () . J 0 () . 4 r r; . 50 0 . (:.., 0 0 . 7 0 n . 8 (; 0 . ~ 0 :. (J n :. 1 0 1. 20 1. ~~ C; 1. 4 G 
time ~~'r:. 
(b) Dynamic Coefficients 
Fig. 9.52: Behaviour of the alternator leakage reactances coefficients at sudden application of 1.65 p.u. zero power 
factor load 
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(a) Static coefficients Fig .9.53: continued time. sec. 
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Fig. 9.53: Behaviour of the exciter main reactances coefficients at sudden application of 1.63 p.u. zero power factor 
alternator lnad 
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(b) Dynamic coefficients 
Fig. 9.54: Behaviour of the exciter leakage reactances coefficients at sudden application of 1.63 p.u. zero power 
factor alternator load 
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Fig. 9.55: continued 
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(b) Dynamic coefficients 
Fig. 9.55: Behaviour of the alternator main reactances coefficients at sudden removal of 1.63 p.u. zero power 
factor load 
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(a) Static coefficients Fig. 9.56: continued time. sec· 
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(b) Dynamic coefficients 
Fig. 9.56: Behaviour of the alternator leakage reactances coefficients at sudden removal of 1.63 p.u. zero power 
factor load 
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QIAPl'ER 10 
10.1 CXNCLUSIOOS AND CXMv1ENTS 
In this study, the Linville-Rankin equivalent circuit has been adopted 
to model the laminated salient-pole synchronous generator. The 
circuit has proved its convenience when a detailed study of the 
machine is required. Also, the circuit has allowed accurate treatment 
of the various machine reactances concerning the electromagnetic 
nonlinearity effects. This is attainable as the circuit does not lump 
the various mutual reactances in one unified reactance, and it does 
not mix reactances of different natures. 
To aid in saving computation time, a new equivalent circuit with one 
equivalent damper coil on each axis has been developed. The one 
equivalent damper coil circuit is recommended to model the synchronous 
machine when multi-machine systems are studied, provided that the 
accurate calculation of the individual damper bar currents is not 
important. For some conditions, where the damper circuit plays an 
effective role, such as asynchronous running and unbalanced loading 
conditions of a generator, or starting and dynamic loading conditions 
of a synchronous motor especially when fed from a supply which 
contains some voltage harmonics, the multi-damper equivalent circuit 
is expected to give more accurate and reliable results. Also, the 
multi-damper circuits, permitting a detailed calculation of individual 
damper bar currents, is more helpful to the design engineer. 
A new approach for dealing with the electromagnetic nonlinearity 
effects has been presented. In this respect, the mutual saturation 
effects between the main and leakage fluxes, and between the direct-
and quadrature-axis fluxes have been considered. Eventually, two sets 
of saturation factors based on the machine particulars and its stator 
and rotor magnetisation characteristics have been derived. One set 
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considers the mutual effect between the main and leakage fluxes only, 
and the other considers both the two mutual effects. 
A OC>nl.inear mathematical model using the machine currents as the state 
space variables has been presented. The model has been used to study 
some steady state and transient conditions of a salient pole 
al ternator. The predicted and test results have confirmed that it is 
necessary to introduce the saturation effects for accurate modelling 
of the synchronJus machine. For most transient conditions, use of a 
constant value for each saturation factor will be misleading, and it 
is necessary to update the saturation factors at each step of time. 
Comparisons between the predicted results and the measurements have 
shown that the conventional method based on the open circuit 
magnetisation characteristic gives inaccurate results especially for 
loading conditions characterised by appreciable direct-axis armature 
current components. Consideration of saturation effects through the 
new saturation factors has proved its validity and gave accurate 
results for all the conditions considered. 
Investigation of the results has shown that for salient-pole machines, 
the field leakage reactance is clearly affected by saturation. This 
affects the value of both the field and the transient time constants, 
and the transient reactance. Consequently, proper consideration of the 
saturation effects on the field leakage reactance should be taken for 
accurate trransient and dynamic studies. On the contrary, it has 
appeared that the armature leakage reactances, for the machines 
studied, are slightly affected by saturation. 
Investigation of the results has also shown that for salient-pole 
machines the direct-axis saturation has a significant effect on the 
machine parameters, while the quadrature-axis saturation has a 
negligible effect. Mutual saturation between the direct- and 
quadrature-axis fluxes has a small effect on the parameters and 
oansequentlyon the predicted results for the salient-pole machines 
studied. 
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A new dqo dynamic nonlinear mathematical model, using the currents as 
state space variables, has been developed to correct the conventional 
error in the calculation of the transformer voltage terms in previous 
models. The model employs a new dynamic reactance concept, and is 
presented in a general form applicable to a wide variety of machines. 
New reactance elements appears in the model reactance matrix as a 
result of consideration of the mutual saturation effects between the 
two axes fluxes. 
The model has been applied to a salient-pole alternator with a direct 
thyristor excitation system. The results obtained, neglecting mutual 
saturation effects between the two axes fluxes, have confirmed the 
validity of the new dynamic reactance concept. Consequently, when 
considering the saturation effects in machine modelling, the saturable 
reactances should be treated in two different ways according to the 
voltage terms in which they will be used. In dqo reference frame 
models, static reactances are used in the rotational voltage terms and 
dynamic reactances are used in the transformer voltage terms. Models 
which use static reactances or unsaturated reactances in both voltage 
terms give significant errors in the predicted performance. In some 
dynamic conditions such as symmetrical short circuiting from normal 
conditions, where the magnetic operating point quickly descends down 
into the linear region, the conventional static model could be used as 
the resulting errors will be small. 
To allow rectifier circuits and asymmetrical loading conditions to be 
studied, a direct phase model for a laminated salient-pole synchronous 
machine has been presented. The nonlinearity approaches presented for 
the dqo models have been developed to suit the direct phase models. 
In this respect, a method to calculate the saturated static and 
dynamic coefficients of the direct phase model reactances has been 
gi~ A new direct phase mathematical model employing the dynamic 
reactance concept has been derived. The model presents new hybrid 
reactance matrices in a general form. 
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A cx:>mplete model has been presented for an isolated system consisting 
of an alternator, its brushless exci ter and automatic voltage 
regulator, and a diesel engine prime mover. 
The alternator-brushless exciter unit has been modelled using the 
currents as state space variables with the aid of tensor techniques. 
The automatic voltage regulator and the prime mover have been modelled 
using simple block diagrams. 
The results obtained confirmed the validity of the nonlinearity 
approaches introduced on the direct phase model and the new dynamic 
reactances model. 
The model presented for the alternator-brushless exciter unit has 
proved its capability to cover all the possible modes of operation of 
the exciter rotating bridge rectifier. This gives the opportunity for 
detailed study and proper design of such systems. 
It may be concluded from the computed and test results that the main 
alternator is significantly affected by saturation during most steady 
state and transient conditions. On the contrary, the saturation 
effects an the exciter for all the normal steady state conditions are 
negligible. Also, the saturation effects on the brushless exciter are 
negligible during the short circuit, load rejection transient 
condi tians, and eventually during all the transient conditions where 
the excitation is reduced by the action of the automatic voltage 
regulator. 
Saturation effects on the brushless exciter are pronounced at 
transient conditions where its excitation is increased by the action 
of the automatic voltage regulator such as load application 
conditions • 
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10.2 FUTURE WORK 
The present work may be extended to cover the following points: 
i) The different circuits of the exci ta tion systems and the 
automatic voltage regulators may be simulated more accurately 
using the detailed state space variables method. This will help 
in good design of the components of these systems. 
ii) Harmonic analysis which necessitates more accurate prediction of 
the voltage and current waveforms. This is carried out by 
considering the following points: 
a) inclusion of higher space harmonic terms in the phase 
reactance expressions; 
b) accurate simulation of the diode rectifier elements, by 
considering thei r actual characterist ics ra ther than the 
idealised ones. 
iii) To aid in proper selection of switch gears, the arc action 
associated with load rejection may be included. 
The main approaches and concepts presented in this work can be 
extended to cover the following research areas: 
i) Accurate nonlinear modelling of inverter fed salient-pole motors 
such as synchronous and reluctance motors 
ii) Accurate nonlinear modelling of round rotor machines where the 
saliency is much less compared wi th salient-pole machines. In 
this case the effects of the mutual saturation between the 
direct- and quadrature-fluxes will be pronounced, and the 
general dynamic reactances dqo/direct phase models presented 
will be applicable. 
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iii) Steady state and dynamic stability studies based on the new 
dynamic reactances models for alternator systems connected to 
infinite bus bars. 
iv) Accurate study of multi-machine systems such as an alternator 
supplying induction motor and/or converter fed DC motors. The 
core size and run time of the computer program associated with 
such systems can be reduced appreciably by using the diakoptic 
method of analysis.84 
v) Factorial design study to investigate the effect of the 
different parameters on the isolated alterna tor system. The 
results can be used to improve the machine design to give the 
required performance. 
vi) Complete analysis of fault conditions and consequent fault 
clearance. This helps in proper selection of switch gears. 
vii) Accurate investigation of the leakage flux paths in the iron, so 
that the mutual saturation effects between the main and leakage 
fluxes can be more accurately represented. 
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APPENDICES 
A. I FORMULAE OF THE UNSA'IURATED DCP MJDEL PARAMETERS 
Figure A.I shows a schematic structure of a salient-pole synchronous 
machine. The formulae used to calculate the direct- and quadrature-axis 
unsaturated parameters of such a machine will be given as a function of 
the machine design particulars in the following section. 
A.I.I Direct-Axis Parameters in Per-unit 
a) Annature reacticn reactance, Xad 8 
1I 
X - 4 Aad A 
ad - TI;:-= 
fd F 
( A .• l) 
b) Mrl:ua1. reactance, xaf, between the annature and field wiIxlings 8 
_A 
xaf -:::: 
F 
CP • • 2) 
c) Mutual reactance, xaknd' between the armature winding and the nth 
damper circuit8 
'" A 
xaknd = 'i'akn AU -
fd F 
( A.3) 
where ~ akn is obtained from Wiesemnan curves63. 
d) Self reactance, xtf' of the field due to the air gap flux63 
( A .4) 
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e) Self:reactance,~, of damper circuit due to the air gap flux8 
TIa A II -1 
xkknd = u _ arctan [gr y ] 
2/1 -1 F n gr Afd 
r = 8.8 A PIta 
a f <P N K2 a 
n n awe 
g) Annature leakage reactance, xal
51 
where 
_ 4 lA II 
xal - TI <Pn a 
(A,.5) 
( A~.6) 
( A.7) 
Aa = Is + At + lie ( A. 8 ) 
20 k d 2 d d d -d d 
1\ = vs [k . (--.S.l + s2 + s3) + k s4 sa + ---.EQ] (A. 9 ) 
"s 3q K2 "XC W -tw ""XCU 3 W 4w 
w s1 ws1 s2 ws2 s2 s2 
20 k 
\ = 3q KV: {krt [a Atd + (1 - a) A tq]} ( A .10) 
w 
1 . w ~1 
!ltd = 0.2284 + 0.0796 gnun - 0.25 s1 {I - ~ [arctan ~~-
wS1 1. TI 2 Igmin gnun 
1 . w 2 
gnun In (1 + S1)]} 
ws l 4imin 
(A .• 11) 
w 
Atq = 0.2164 + 0.3183 (wtl)~ ( A .• 12) 
s1 
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( A;.13) 
FigureA.2 gives the key to the nomenclature used in the above 
fonnulae. 
h) Armature diffe:rntial harm:nic leakage reactance, xahd 
K 2 
( wn) 
n 
( A.14) 
'!'his is Talaat's formula with some modification. The factor 5/6 is 
suggested by Alger49 to account for the deviation of the mmf wave 
from the stepped rectangular waveform as the current is not 
concentrated at a point in the centre of the slot. The damping 
effect, if damper winding exists, introduces the factor KD. Liwschit~ B2i< 83 suggested a value of 0.9 for KD. The summation 
factor I (WX t is obtained from Li wschi tz curves 82, 83 
n~l n 
( A.15) 
j) Field leakage reactance, xt15l 
( A, 16) 
where 
Af is the field leakage reactance specific permeance and is given by 
(A .17) 
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A Kf is the pole tip specific permeance and is given by 
2(~+lg - 0.055 TJ 
1\ Kf = ----'-------"---
(Tr - ~) 
A Nf is the pole body specific penneance and is given by 
1 
ANf = ~ 
1ph 
. 10 
2hfl + 6hf2 + 0.2 T P (l - p) 
3 ~ (d p- 2~ - 0.4 hfl) -3bp 
AEf is the end specific penneance and is given by 
(A .18) 
( A .19) 
( A.20) 
Figure A.3 gives the key to the nomenclature used in the above 
formulae. 
26 3 A k \ rbn = . f P a 
n <Pn D 
( 1.,21) 
( 1\.22) 
m) Leakage reactance, Xro., of damper cirelli t 8 
( A.23) 
where 
Ps = 0.625 
d 
P =--.S.. 
s 3w 
s 
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for round bars 
for rectangular bars 
C\l is the height of the damper slot opening 
wd is the width of the damper slot opening 
dg is the height of the damper bar 
Ws is the width of the damper bar. 
n) Leakage reactance, ~ of end riIYJ9 
d 
e 
A r ~ = 0.254 T lr (9.2 log 10 e + 1) 
n 
where 
(A .• 25 ) 
( A.26) 
~ is the axial distance between end rings minus the axial length of 
the pole 
re is the effective radius of end ring cross-sectional area; 
r =/ar 
e If 
A ) .1. 2 Quadrature-Axis Parameters in Per-Unit 
a) Anna:bJre reacticn reactance, Xaq 8 
AU _ 
4 aq A 
x =-~-
aq 7T Afd F 
b) Mutual reactance, xaknq' between the armature winding and the nth 
damper circui t 8 
X -_ A ,j, I I 4 0 cos lfa] aknq ['I'aka - <Pakyn + - 2 
Aid F If 1 gmin 
(A ,.28) 
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where ~aka, ~ akyn and 0 are variables 
damper bars particulars and dimensions. 
Wieseman cu:r:ves.63 
dependent on the pole and 
These can be obtained using 
c) Self~, Xidmq, of damper circuit due to the air gap flux8 
A [ TIa;, 
XlrlrrvT = ( arctan v J.gr-1 - arctan 
~A:t AU F 2/1 -1 
fd gr 
TIo 
+ 2 1 (1 - a)] 
gr 
d) Annab.tre resistance, r a 
As for the direct-axis. 
e) Annab.tre leakage ~, xal 
As for the direct-axis. 
f) Annab.tre differential harm:ni..c leakage ~, xalq 
(A .29) 
A1ger49 states that the direct-axis zig-zag reactance is 15% less 
than the average, and the quadrature-axis zig-zag reactance is 15% 
higher than the average. As for ordinary number of slots/pole/phase, 
the belt reactance is small compared with the zig-zag reactance49, 
the following approximate formula can be used for the quadrature-axis 
differential harmonic leakage reactance: 
_ 4 
xahq - 3" xahd 
g) Danper circuit resistance, roo 
As for the direct-axis. 
h) End ring- resistance, r D1 
As for the direct-axis. 
(A .30) 
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i) IlaiIJer circuit leakage ~, Xrn. 
As for the direct-axis. 
j) En} ~ leakage ~, ~ 
As for the direct-axis. 
k) Reactance arid resistance of centre bars damper circuit 
The effective impedance for the quadrature-axis circuit formed by 
bars at the p:>le centre is twice that given by equations A.21 and 
A.23 since each bar is a common conductor for two adjacent 
quadrature axes. 8 
In the previous formulae, all the lengths were in inches, and the 
rated air gap flux, tPn , was in lines 
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A .2 DISTRIBtJI'ION CDEFFICIENTS OF THE SA'IURATED FLUX WAVE 
The effect of teeth reluctances will be considered to be the most 
important factor affecting the shape of the saturated flux wave in the 
air gap64. The flux wave produced by any of the machine CUITents can be 
plotted for the unsaturated condition using the approach given by 
Wieseman. 63 The tooth ampere turns may be calculated using the average 
flux density calculated at one-third of the height of the slot measured 
from the section of the worst condition. 
To obtain the saturated wave from the unsaturated one, the following 
steps are to be used, as shown in Figure A .4: 
i) The tooth ampere-turns are calculated for different values of gap 
flux densities. 
ii) Plot tooth ampere turns horizontally against the gap flux density 
vertically. 
iii) Plot also on the right hand side the unsaturated flux wave to the 
same vertical scale. 
iv) Mark off OB on the horizontal scale equal to the gap ampere-turns 
required for density at the pole centre for which the unsaturated 
waves have to be plotted. 
v) Through the value of gap flux density corresponding to any point A 
on the unsaturated wave, draw the diagonal DB. The intersection of 
the diagonal with the curve of the teeth gives the reduced density 
C of the flux wave due to the teeth saturation. 
vi) By ch:losing various points A on the unsaturated wave, the saturated 
wave can be plotted. 
The saturated wave is now analysed numerically to calculate the amplitude 
of its fundamental BF, and to calculate the value of the total flux. 
Consequently Am and Ked or Acq and Kcq are calculated as follows: 
A = Amplitude of fundamental flux wave 
C Amplitude of the total flux wave 
Total flux 
KC = fundamental flux 
( A .31) 
( A.32) 
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A.3 POLE TIP MAIN FLUX cx:MPONENTS 
The proportions of the air gap flux components which flow into the pole 
tip at section XX, one-third away from the pole body (Figure A.5).are 
calculated as follows: 
a) Pole tip flux, ~ ptad, due to the direct-axis annature current 
This is approximately given by the area abcda shown in Figure A.5 where 
point b is midway between the pole tip and the quadrature-axis. 
If Bad(e) is approximated by 
then 
Y2 
~ptad a J Bad(e) de 
Consequently it can be shown that Yl 
~ptad (cos Y1-cos Y2) - Aad3/3 (cos 3y1-cos 3Y2) 
,---- = -----------------------------------~gFad 2 
b) Pole tip flUX, <Pptf, due to field current 
This is given by the area aefa shown in Figure 13.5. 
If Bf < e) is approximated by 
Then 
<P ptf a 
(A .33) 
(A .34) 
< A,.35) 
< A.36) 
( A.37) 
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Consequently, it can be shown that 
Afd3 (I-cosy 2) - -3- (l - cos 3y 2) 
(A .38) 
2 
c) Pole tip flux,· <Pptknd, due to any direct-axis damper coil current 
If Yn < Ym 
<Pptlmd = 0 
otherwise 
Then, using the formulae for <PkJ.md given in Appendix 13.1 
11 -1 11 -1 
tan-I (gr ) -tan -1 gr ) 
<Pptknd 1 a Yn a Ym 
<PgFknd - 2 -1 II -I 
tan (gr ) 
a Yn 
d) Pole tip flux, <Pptaq, due to quadrature-axis annature current 
This is given by area aegha shc::M1 in Figure A. 5 . 
If Baq( e) is approximated by 
Then 
f 
a 
Consequently, it can be shown that 
(A .39) 
( A .40) 
( A .41) 
(A .42) 
(A .43) 
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A 
<P • ~. 3 ptaq s~nY2 -. 3 Sill Y2 
<PgFaq = 2 
CA. 44) 
e) Pole tip flux, <P ptknq, due to any quadrature-axis damper coil current 
If Yn ~ Ym, <P ptknq is given by 
<P ptknq = i ~ <P gFknq ( A. 45) 
otherwise 
<p' + <p" 
_ 1 kkrrq kknq 
<P ptknq - - <p i + ~ II ~ <p gFknq 
2 kknq kknq 
( A.46) 
Using the formulae given by Appendix P • • 1 for <PkkTIq' <P kknq and ~~knq it 
follows that 
O.S TIa -1 -1 11 -1 + O.Sna 11 gr ] (I-a) 11 -1 [tan -1 - tan Ym 1 gr a 
<p _1 gr gr 
ptknq - "2 0 S 
-1 /r -I + O.Sna • na [tan -1 11 -1 - tan gr Yn] (1-a) 71 -1 gr a 1 gr gr 
~ <PgFknq (A .47) 
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A.4 IMPEDANCE MATRICES OF THE rx,:;p REFERENCE FRAME MJDEL 
In order to simplify the matrix arrangement the following definitions are 
made for the field circuit and the nth direct- and quadrature-axis damper 
circuits: 
(A .48a) 
(A .48b) 
( A . .48c) 
( A,.48d) 
With these definitions the R, X and G matrices are given as follows: 
o o o 
o o o o 
o o o 
o o 
o 0 rrld rr2d rk3d . . I 
[R] = --~---;.:----;.:---.!.:...---.:.;...--..:~------------------------- :( A • 49a) 
o o 
o 
o 
I 
I 
... 
o o o 
i 
I 
rr3q rr3q rr3q rk3q 0 0 i 
; 
, 
.' oJ 
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A .• 5 SATURATION FACTORS BASED ON THE OPEN CIRCUIT rnARACI'ERISTIC 
Simple saturation factors based on the open circuit characteristic could 
be derived for the mutual direct-axis reactance as well as for the total 
air gap reactances. These factors will be derived using the conventional 
method adopted by previous authors3,4,7. 
The open circuit characteristics shown in Figure A.5 may be simulated 
using the formula given in equation 3.15. With the aid of Figure A.6, 
the unified saturation factor for the mutual direct axis reactances is: 
R 
~ cd = ~ 
a R (A .50) 
goc 
where 
Roc = cotan8 ( A .51) 
Rgoc = cotan 8 CA~52) g 
The unified saturation factor for the total air gap reactances is 
As the use of the open circuit characteristic does not allow the 
quadrature-axis saturation to be properly considered, the saturation 
factor in this axis is taken as unity3,4. The armature and field leakage 
reactances are assumed to be unsaturated3,4,7 as it is difficult to 
consider the mutual saturation effects between the main and leakage 
fluxes using the open circuit characteristic. 
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A.6· THE STATIC MAIN AND LEAKAGE REACTANCE MATRICES OF THE DCP REFERENCE 
FRAME MJDEL 
The main and leakage static reactance matrices are given by 
-. 
I~I= 
Ix 1= 
.I'. 
x ak3d .. 
~ld ~2d ~3d·. 
Xak1d ~ld ~ld ~ld ~ld., 
xak2d ~2d ~ld ~2d ~2d .. 
xak3d ~3d ~ld ~2d ~3d., 
o 
o 
o o 
o o 
o 
o 0 0 .. 
o 0 0 ,. 
~rld xr1d xr2d ., 
xr1d ~r2d xr2d ·· 
xrld xr2d ~r3d" 
.. 
o 
where x = x + x for both axes. 
lJr'~ ttl} 111 
o 
Xqq xak<XJ: Xak1q Xak2q Xak3q .-
xakc:q ?1<k.<XJ: ~lq ~2q ~3q. 
Xak1q ~lq ~lq ~2q ~3q 
Xak2q ~2q ~2q ~2q ~3q 
Xak3q ~3q ~3q ~3q ~3ql 
x 
atq 
o 
o 
o 
o 
o 
o o o 
x 
r2q 
I 
I 
i 
! 
o .. I 
x ') ! 
xr..Jq .. \ 
r3q .. 
Xr2q x r2q ~r2q xr3q .. 
xr3q xr3q xr3q ~r3q"1 
(A.54a 
(A.54t 
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"p-_.7 CALCULATION OF THE ELEMENTS OF [y] AND [U] MATRICES 
To obtain these elements it is necessary to calculate the G's and t:, 's 
using equations 6.15 and 6.16 respectively. These involve the partial 
derivatives of the appropriate saturation factors with respect to both 
flux and current components. The saturation factors for the main 
reactances may be simply expressed in the following general form: 
where 
otherwise 
and 
otherwise 
].ljm = Mjm RgF + CJ R + CJ 
s sF r: RF P 
Mjm = 1 for j = 1 while m =I 1, 
for j i 1 while m = 1 
K 
= rod for other values of j 
K~ 
and 
and m 
CJ = 1 + (RgF + ~F)ASl/K2d for j and m = 1 s 
CJ = 1 s 
CJp = 1 + (RgF + RsF ) Apl/K2d for j = 1 while m = 2 
j = 2 while m = 1 
CJ = 1 P 
(A .55) 
(A .56) 
( A,. 57) 
( A.58) 
The stator and PJle reluctances RsF and ~F are flux dependent and may be 
expressed in the following simple general form 
m -1 n -1 Z Z 
RzF = az + bz ¢zF + c z ¢z:F (A .59) 
where 
¢ZF 
¢Z9. 
= ¢gF +- ( A/.60) 
K2d 
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and suffix z is replaced by either s or p. The partial derivatives of the 
saturation factors require the following partial derivatives of a g 0 11 
RsF and RpF' 
otherwise 
otherwise 
ClOS = ClRpF AS£ 
for j and m = 1 
Cl~ Cln w K2d 
= 0 
= 0 
for j = 1 while m = 2 
for j = 2 while m = 1 
where n is replaced by either i or ¢gF' 
ClR F Cl¢ Z zF 
ClRZF ClRzF d¢ZF 
Cl¢gFw - Cl¢ZF Cl¢gFw 
dRZF Cl¢ n 1 (1 + z'" _) 
- Cl¢zF Cl¢gFw K2d 
(A .61) 
(P, .62) 
(A., 64) 
The partial derivatives of RzF with respect to ¢zF are directly obtained 
from equation A .59. The partial derivatives of the leakage fluxes with 
respect to flux and current components will be derived in Appendix A.9. 
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A .. 8 CALaJLATION OF THE ELEMENTS OF [g], [0] AND [S] MATRICES 
To obtain these elements it is necessary to calculate the g's and 0 's 
according to equations 6.25 and 6.26 respectively. These involve the 
partial derivatives of the appropriate saturation factors with respect to 
both flux and current components. Throughout this work only the armature 
and field leakage reactances are considered saturable. The saturation 
factors for these reactances may be simply expressed in the following 
general form: 
a 
z ~F )Jjl = 1 - 0_ Mj ( A. 65) 
RgF + a R + a R F s sF P p 
where 
Mj = A sl ~ for j = I 
(1\ .66) 
= I for j = 2 
a 
= I + (RgF + ~F)A sl/K2d for j = 1 s 
(A .67) 
= 1 for j = 2 
( A .68) 
= I for j = 1 
and suffix z is replaced by s for j = I and by p for j = 2. Again the 
partial derivatives of the above saturation factors require the partial 
derivatives of a s' a P' RsF and RTpF which are given by equations A .61-
A .64. 
The elements of the tS] matrix can be calculated from equation 6.29 using 
the partial current derivatives of the main reactances obtained 
previously. 
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A ·.9 DERIVATION OF LEAKAGE FLUXES PARTIAL DERIVATIVES 
In generalised form the leakage fluxes for the stator and pole may be 
written as 
(A .69) 
where if z is replaced by s, j = 1 and if z is replaced by p, j = 2. A 
is the rectangular armature reaction mmf at rated current 1 , and 
for j = 1 
( A .70) 
= 1 for j = 2 
A .9.1 Partial Derivatives with Respect to Currents 
Differentiating both sides of equation A.69 gives 
Hence 
3¢z9" _ 
---- - ----------------------~---3i 3R 
w 1 + _1_ A
Z 
n (R + ¢ ~) 
K2d N zF zF 3¢zF 
(A:. 72) 
where 
3i. 
--.J = 1 for w = j 
di
w (A~. 73) 
= 0 for w =I j 
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'A.9.2 Partial Derivatives with Respect to Fluxes 
Differentiating both sides of equation A. 69 , gives 
Hence 
(A .75) 
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A .10 Thyristor Direct Excitation System Particulars 
For Efmin < e3 < Efmax 
1 0 0 
--TR 
[~n ~~ _ (~ KA + .l..) ~ (A.76) = TF TA TR TA TF TF TA 
~ ~ 1 
--
--
TA TA TA 
[c] = (.A.77) 
1 0 0 --
TR 
[B] 0 1 0 CA.78) = TF 
~ ~ 1 
--
TA TA TA 
[c] = 0, ( A. 79) 
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A, .11 COEFFICIENTS OF THE DIREcr PHASE M)DEL REAcrANCE MATRIX 
The 'A' coefficients which appear in both the [X] and [G] matrices of the 
direct phase models can be expressed, in pu, in terms of the dqo model 
reactancesl , as follows: 
A - 2 x af -"3 af' 
Aakd = &akd' 3 
Aakq = j xakq' 
Atkd = ~ xfkd' 3 
At = ~ xt 3 
~ - 2 x - - kd 3 
~ - 2 x -} kq 
A,., = A - X 
't' 0 0 
~da = ~ xkda 
3 
~a = f xkqa 
~df = ~ xkdf 3 
. The 'B*' coefficients which appear in both the [X*] and [G*] matrices of 
the direct phase models are found from the dqojphase transformation. 
These can be expressed, in pu, in terms of the dynamic saturated mutual 
reactances between the direct- and quadrature-axis coils of the dqo 
model, as follows: 
* _1(* *) Bo - 3 xadq - xaqd 
B * 1 ( * *) 2 = 3 Xadq + Xaqd 
...d< 2 * D"fa = 3 Xfaq 
B* _ 2 * 
akd - "3 Xaqkd' 
* 2 * Bakq = "3 xadkq ' 
* 2 * Bfkq = 3' xfkq ' 
* 2 * ~ = 3~dkq' 
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* 2 * Bkda = 3" ~daq 
* 2 * Bkqa ="3 ~qad 
* 2 * 
Bkqf ="3 ~qf 
* 2 * 
Bkqd ="3 ~qkd 
The diagonal lA' coefficients can be split into main and leakage reac-
tances coefficients as follows: 
1 ~l = "3 (xald - xalq) 
2 
Afl ="3 xfl 
2 
'kdl ="3 ~dl 
. 2 
l\qm ="3 ~q" 2 ~ql ="3 ~ql 
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A .12 FULL MATRIX mUATION OF THE ALTERNATOR-EXCITER UNIT :BRl>.N:HES IN 
THE DIROCT PHASE REFER.EN::::E FRAME 
The matrix equation of the alternator-exciter unit for the disconnected 
branches is given by 
VLR 
1 r ZLY VLY 
v . I ZLB LB I I VR i , 
Vy 
VB I I 
VfG I 
1=1 Vkd 
Vkq 
v 
a 
Vb 
v 
c 
VfE+eE 
ZRR ZRY ZRB ZRfG ZRkd ZRkq 
ZYR Zyy ZYB ZYfG ZYkd ZYkq 
ZBR ZBY ZBB ZBfG ZBkd ZBkq 
ZfGRZfGYZfGBZffG ZfGkd 0 
ZkdRZkdYZkdBZkdfGZkkd 0 
ZkqRZkqYZkqB 0 0 Zkkq 
- 1 
~I ! 
~y! 
, 
. I 
lLR ; 
iR 
iy 
iB 
i fG 
i kq 
Z zab Z Z fE i aa ac a a 
Zca zcb zcc ZCfE i 
zfEazfEbzfEczffE l i: 
(A .80) 
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.A.13 PARI'IClJIARS OF THE THYRISTOR DlVERI' AlJ'lU.1ATIC VOLTAGE RffiUI.JID)R 
Far u. < u3 < u nun max 
1 o o o 
0 0 0 1 
[A] ,= • (A .81) 
~ KA 1 0 
-- TA TA TA 
I 
J 
I KA¥pw K ~w ¥pw TFl+TF2 I (1 + A· ) I -
TATFITF2 TATFITF2 TFITF2 , TFITF2 TATFITF2 L 
(? • 82) 
l). is replaced by zero in the above two equations. 
The crnpound supply I w, is calculated using the dqo quantities as follONs: 
w = .j (Li + K v ) 2 + (Li - K v ) 2 -~ d v q -1 q v d 
(A .83) 
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A .14 PARI'ICULARS OF THE DIESEL ENGINE PRIME_MJVER 
The system and control matrices of the prime rrover are given by: 
r 1 _ KOKl 
K2 K2K3 l 
I 1 1 [AP] = I K3 K3 I 
l 0 1 J 
o 
o 
(A.84) 
[CP] 
K KK 
= [...Q u + -.9.J: (T
e1
+Tfw), 0, K2 ref K2 J 
( A .85) 
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Fig. A.l: Schematic diagram of the salient-poles of a synchronous 
machine 
R. p 
325 
Fig. A.2: Key to the nomenclat~re used in the formula of the field 
leakage reactance 
Fig. A.3: Key to the monenclatllre used in the formula of the armature 
leakaqe reactance 
o 
Bg 
o 
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Fig. A.4: Effect of the slot ampere-turns drop on the air gap 
flux waveform 
Sgu 
BI 
Bgs 
y 
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Q,pt/3 
Q, pt 
Fig. A.5: Pole tip main flux components 
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Pig. A.6: Open circuit magnetisation characteristic 
